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ABSTRACT 
YING-HSUAN LIN: Chemical Characterization of Secondary Organic Aerosol and 
Critical Intermediates from Isoprene Photooxidation 
(Under the direction of Dr. Jason D. Surratt) 
Isoprene is a substantial contributor to the global secondary organic aerosol (SOA) 
burden, with implications for public health and the climate system. The mechanism by which 
isoprene-derived SOA is formed and the influences of environmental conditions on isoprene 
SOA formation, however, remain unclear. As a result, systematic laboratory experiments and 
field studies are required to fully understand these atmospheric processes for the construction 
of accurate chemical mechanisms implemented in air quality models.  
Laboratory smog chamber studies investigate isoprene SOA formation by isolating 
interactions between SOA precursors and key environmental factors, such as levels of 
nitrogen oxides (NOx= NO + NO2), aerosol acidity, and relative humidity in a controlled 
atmosphere. Recently, NOx-dependent chemical pathways for isoprene SOA formation have 
been proposed based on mass spectrometric evidence. However, confirmation of proposed 
mechanisms and quantification of SOA constituents remain difficult owing to the lack of 
authentic standards. This dissertation systematically investigates the proposed heterogeneous 
reactions that lead to isoprene SOA formation in the troposphere by conducting a series of 
controlled chamber experiments coupled with organic synthesis and detailed SOA 
compositional analysis at the molecular level. First, by conducting smog chamber 
experiments with authentic standards of isoprene epoxydiols (IEPOX) and 
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methacrylic acid epoxide (MAE), this dissertation identifies the formation of atmospheric 
epoxides derived from isoprene as key precursors to SOA formation under low-NOx and 
high-NOx conditions, respectively. Subsequently, the atmospheric relevance of chamber 
findings was confirmed by field measurements, and further supported by computational 
chemistry and atmospheric modeling. Finally, ambient aerosol samples collected using 
conditional approaches were analyzed to investigate the effects of aerosol acidity on 
heterogeneous isoprene SOA formation in the rural atmosphere influenced by anthropogenic 
sulfur dioxide (SO2) and ammonia (NH3) emissions. 
Chemical characterization of both laboratory-generated and ambient aerosol samples 
contributes to the scientific understanding of SOA formation processes that are critical for air 
quality model simulations and environmental management. Detailed compositional 
information of isoprene SOA will be helpful for hazard identification of these environmental 
stressors for evaluating public health risks from exposure to ambient fine particles in regions 
where isoprene emissions interact with anthropogenic pollutants. 
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Chapter I 
 
Introduction 
 
1.1 Background significance 
Atmospheric aerosols are complex and dynamic mixtures consisting of suspended liquid 
or solid particulate matter (PM) and surrounding gases (1). Depending on their size, 
concentration and chemical composition, atmospheric aerosols can affect air quality, climate, 
and human health (2). Ambient fine aerosols with an aerodynamic diameter ≤ 2.5 μm (PM2.5) 
are of particular concern, owing to the fact that they can directly scatter or absorb incoming 
solar radiation or act as cloud condensation nuclei that indirectly leads to an imbalance 
between incoming and outgoing solar radiation, and ultimately climate change (3). From a 
public health perspective, inhalation of PM2.5, which can penetrate and deposit deeply into 
the human respiratory system, has been linked to cardiovascular and pulmonary diseases in 
numerous epidemiological studies (4, 5). Although the importance of PM2.5 has been 
recognized, the assessment of its real impact on climate change and human health remains 
difficult because of considerable uncertainties in current scientific understanding of its 
sources, composition, and formation mechanisms (3, 6).  
The sources of ambient PM2.5 have both primary and secondary origins. Primary 
aerosols refer to particles being directly emitted into the atmosphere, whereas secondary 
aerosols are particles generated from atmospheric transformation of gaseous precursors. In 
general, the bulk chemical composition of PM2.5 can be attributed to organic carbon (OC), 
elemental carbon (EC), inorganic ions (e.g., sulfate, nitrate, chloride and ammonium), and
 2 
 
crustal material (7). Organic compounds have been found to be the major constituents of 
ambient PM2.5 (8, 9). Particularly, secondary organic aerosol (SOA) arising from 
photochemical transformation of both anthropogenic and biogenic volatile organic compound 
(VOC) emissions contributes to a substantial fraction (20-90%) of the total ambient PM2.5 
mass (10).  
Isoprene (2-methyl-1,3-butadiene, C5H8) is the most abundant non-methane hydrocarbon 
emitted from terrestrial vegetation into the Earth’s atmosphere, with annual global emission 
rates estimated to be around 600 Tg yr
-1
 (11). Despite the high emission strength of isoprene, 
not until recently has the atmospheric oxidation of this globally dominant biogenic VOC 
been recognized to lead to SOA formation (12-16). Recent modeling work using SOA yields, 
which describe the potential of SOA formation from a gaseous precursor at thermodynamic 
equilibrium, derived from laboratory chamber experiments (1–2% under high-NOx 
conditions (14), and 3% under low-NOx conditions (15)) estimate that isoprene-derived SOA 
may substantially contribute (~ 30–50%) to the SOA mass burden on the global scale (17, 
18), likely making it the single largest source of SOA formation on Earth. 
The early laboratory chamber investigations concluded that isoprene was not an 
important source of SOA formation under atmospheric conditions due to the high volatility 
of its known first-generation oxidation products, such as methacrolein (MACR) and methyl 
vinyl ketone (MVK). These chamber experiments were usually performed in the presence of 
initially high ozone (O3) or nitric oxide (NO) levels (19, 20). At the time of these initial 
investigations, SOA was only thought to form when the concentrations of semi-volatile 
species generated from the oxidation of gaseous precursors exceeded their saturation vapor 
pressures (21), and  thus, SOA formation from isoprene was considered insignificant.  
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However, when 2-methyltetrols were first identified in PM2.5 collected from the Amazonian 
rain forest by Claeys et al. (12), this re-opened the possibility that isoprene oxidation 
produces ambient SOA for reasons unknown. 2-Methyltetrols are oxygenated polyols with 
the same carbon skeleton (C5) as isoprene. The observation of 2-methyltetrols in ambient 
PM2.5 was proposed as one major SOA constituent derived from isoprene photooxidation 
since these compounds are not of primary biological origin (12). As a result, this 
groundbreaking finding indicated that the photooxidation of isoprene could potentially 
contribute to ambient SOA and has stimulated a considerable number of chamber 
experiments to revisit isoprene SOA formation under simulated atmospheric conditions. 
Isoprene SOA yields have been examined in several laboratory chamber studies to 
provide parameterizations for atmospheric modeling to assess its contributions to the global 
SOA burden. Various experimental conditions have been found to influence isoprene SOA 
formation, including the level of nitrogen oxides (NOx = NO + NO2) (14, 15), aerosol acidity 
(22, 23), relative humidity (24, 25), extent of reaction (26), temperature (27), and preexisting 
aerosol loadings (28). Among these influential factors, the initial NOx level (particularly the 
initial NO level) has been proposed to be key in controlling isoprene SOA formation by 
differentiating the reactions of peroxy radicals (RO2) with NO and HO2 (29), and 
consequently, the difference in volatility of the subsequent reaction products from RO2+NO 
vs. RO2+HO2 pathways that result in different measured SOA yields (14, 15) and distinct 
chemical compositions of SOA constituents (16). 
Figure 1-1 shows a simplified representation for the photooxidation of a generic VOC. 
When the NO level is high (i.e., high-NOx conditions), the RO2 radical generated from the 
photooxidation of isoprene reacts preferentially with NO, and leads to the formation of 
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volatile fragmentation products (e.g., MACR or MVK) or organic nitrates (RONO2). In 
general, the RO2+NO pathway corresponds to lower measured SOA yields in chamber 
studies, especially when the VOC under examination has 10 carbons or less (14). When NO 
is at sub-ppb levels (i.e., low-NOx conditions), the RO2+HO2 pathway becomes competitive, 
which leads to the production of less volatile hydroperoxides (ROOH). Thus, higher 
measured SOA yields have been observed when the experiments were performed at low-NOx 
levels (15).  
Detailed chemical characterization of SOA constituents generated from chamber studies 
under these two regimes supports the proposals of NOx-dependent chemical pathways to 
isoprene SOA formation (16, 30). Further, heterogeneous reactions of isoprene SOA 
formation have been elucidated by identification of critical intermediates (30). Figure 1-2 
summarizes the published route from prior work that identified isoprene epoxydiols (IEPOX) 
(30, 31) and methacryloylperoxynitrate (MPAN) (30, 32) as likely key gas-phase precursors 
leading to isoprene SOA formation under low-NOx and high-NOx conditions, respectively.  
Under low-NOx conditions, Paulot et al. (31) utilized chemical ionization mass 
spectrometry (CIMS) techniques that resulted in the detection of gas-phase photooxidation 
products from isoprene with a molecular weight of 118, and characterized them as gas-phase 
C5-epoxydiol isomers (i.e., IEPOX) arising from the oxidation of isoprene 
hydroxyhydroperoxides (ISOPOOH). Based on theoretical quantum chemistry calculations, 
these second-generation gas-phase oxidation products were suggested likely to be key 
intermediates in the formation of isoprene SOA under low-NOx conditions, and the formation 
of gaseous IEPOX was estimated in high yield (~ 50%) from the OH-initiated oxidation of 
isoprene. Surratt et al. (30) performed reactive uptake chamber experiments with 1,4-
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dihydroxy-2,3-epoxybutane (BEPOX), a structurally related surrogate of IEPOX, and 
observed its rapid and enhanced uptake onto acidified sulfate seed aerosols. Nevertheless, 
owing to the lack of a firm chemical proof to support the conclusion that the IEPOX are 
formed in the gas phase and act as the precursors for isoprene low-NOx SOA tracers, such as 
2-methyltetrols, there is still little agreement regarding the mechanism responsible for SOA 
formation following isoprene oxidation under low-NOx conditions (33). 
Under high-NOx conditions, isoprene SOA has been shown to form from the oxidation of 
MPAN (30, 32). Chan et al. (32) and Surratt et al. (30) observed that increasing the initial 
NO2/NO ratios favors the formation of MPAN from both isoprene and MACR 
photooxidation, and results in enhanced SOA yields. Specifically, at atmospherically relevant 
NO2/NO ratios of 3-8, the SOA yields were observed to be 3 times higher than those 
measured at lower NO2/NO ratios (32). Identification of similar chemical constituents in 
SOA produced from the photooxidation of isoprene, MACR, and MPAN further supports the 
central role of MPAN oxidation under these conditions (30). The fate of the transient 
resulting from the addition of OH to MPAN and the exact pathway by which isoprene high-
NOx SOA (i.e., 2-methylglyceric acid and its corresponding oligoesters) is formed, however, 
remains unclear. Although a C4-hydroxynitrate-PAN or potentially other unknown C4-
preserving products formed from further oxidation of MPAN have been proposed by Surratt 
et al. (30) as the main precursor to the isoprene high-NOx SOA, there was no chemical 
evidence to support either hypothesis. 
In addition to NOx-dependent pathways, aerosol acidity has also been suggested to be a 
critical factor to influence SOA yields, especially under low-NOx conditions. Prior work by 
Surratt et al. (30) showed that the SOA yield increased from ~1% to 30% when comparing 
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experiments conducted in the presence of preexisting neutral to acidic seed aerosol under 
low-NOx conditions. The observation of enhanced SOA yields due to increased seed aerosol 
acidity provided some evidence that acid-catalyzed heterogeneous chemistry likely has a 
major role under this condition. Since prior work by Surratt et al. (30) showed that acidified 
sulfate aerosol did not enhance the SOA yield from isoprene oxidation under high-NOx 
conditions, the lack of an acid enhancement effect under high-NOx conditions could be due 
to the fact that there was much HNO3 produced from OH + NO2 gas-phase reaction in the 
chamber experiments. It is possible that HNO3 could have partitioned onto the preexisting 
neutral seed aerosol and provided sufficient aerosol acidity, and thus, the effects aerosol 
acidity from acidified sulfate aerosol on SOA yields could have been masked. Furthermore, 
since oligomers and organosulfates have been observed as isoprene SOA constituents in both 
chamber-generated aerosol and ambient PM2.5 samples, the observation of these high 
molecular weight products in SOA derived from isoprene suggested the likely importance of 
heterogeneous chemistry as shown in Figure 1-2. As a result, these exact heterogeneous 
reactions remain to be determined, and require systematic studies for further investigation. 
Notably, although not listed in Figure 1-2, aqueous-phase chemistry of carbonyl 
compounds also contributes to isoprene SOA formation. There have been a considerable 
number of studies that focused on the aqueous-phase mechanisms of glyoxal, methylglyoxal 
and other relevant aldehydes to the isoprene system (34-38). It has been shown that cloud 
chemistry, oligomerization, and oxidation reactions in the aerosol aqueous phase contribute 
to SOA formation from isoprene-derived products. Aqueous-phase chemistry was not 
examined in detail during this dissertation, but certainly requires further work as the 
importance of this chemistry to the atmosphere remains uncertain. 
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1.2 Current knowledge gaps 
It has been noted that current atmospheric models tend to under-predict the organic 
aerosol mass compared to field observations (39-41). Since isoprene-derived SOA is a 
substantial contributor to the total organic aerosol mass, without accurate representation of 
isoprene SOA formation mechanisms, assessment of the impact of atmospheric aerosols on 
both the climate system and human health risks could be difficult. Further elucidating the 
gas-phase oxidation and subsequent heterogeneous and aerosol-phase chemistry leading to 
SOA formation from isoprene photooxidation is important to improve the predicting 
capability of our existing air quality models.  
The reasons for the under-prediction of organic aerosol mass in current air quality 
models may result from a number of potential issues, including (but not limited to):  
1) Unidentified SOA precursors; 
2) SOA formation mechanisms not fully understood; 
3) Parameterizations derived from laboratory studies do not reflect ambient conditions; 
4) Uncertainties associated with emission inventories; 
5) Uncertainties associated with measurements of ambient aerosols. 
Moreover, since isoprene has only recently been recognized as a significant source of 
ambient PM2.5, inhalation exposure to isoprene-derived PM induced health effects are largely 
unknown. Epidemiological studies have shown that health risks from exposure to ambient 
PM2.5 have significant spatial and temporal differences (7, 42). Such differences in health 
effects might be due to variations in the ambient PM2.5 chemical composition, which could in 
part result from different sources of VOC emissions that serve as SOA precursors, as well as 
different atmospheric processes that lead to SOA formation. Evidence supporting this 
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hypothesis, however, is lacking owing to the fact that the detailed chemical composition of 
SOA constituents has not been fully understood nor well characterized. Sparse information 
regarding molecular characteristics of SOA constituents is available, and thus, understanding 
the mode of action of these environmental stressors is difficult. 
1.3 Objectives of this dissertation 
This dissertation aims to contribute to the scientific understanding of SOA formation 
from isoprene photooxidation that are important for improving air quality model simulations, 
environmental management and risk assessment. Specifically, chemical characterization of 
SOA constituents from both laboratory experiments and field studies is a critical element in 
advancing current knowledge in atmospheric aerosol chemistry. Hazard identification of 
isoprene SOA constituents and critical intermediates will be helpful to provide information 
for evaluating public health risks from exposure to ambient PM2.5 in isoprene-rich regions.  
In this dissertation, PM2.5 and gas-phase samples collected from both laboratory chamber 
experiments and field campaigns were analyzed to characterize isoprene SOA formed by 
heterogeneous reactions (Figure 1-2), part of which represents a missing SOA source that is 
not incorporated in current air quality model predictions due to our lack of understanding of 
this chemistry. By coupling controlled smog chamber experiments with synthetic organic 
chemistry, critical intermediates that lead to SOA formation through heterogeneous chemical 
pathways under low-NOx and high-NOx conditions were identified. SOA constituents were 
chemically characterized by advanced mass spectrometric techniques, including gas 
chromatography mass spectrometry (GC/MS) with prior derivatization, and ultra-
performance liquid chromatography interfaced to electrospray high-resolution quadrupole 
time-of-flight mass spectrometry (UPLC/ESI-HR-Q-TOFMS). Tandem mass spectrometry 
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was employed for structural elucidation of previously unidentified compounds. SOA tracers 
were quantified in field samples to confirm the chamber findings, as well as to evaluate the 
atmospheric relevance and significance of the newly identified pathways.  
In the following chapters, Chapters 2 and 3 describe research work on isoprene SOA 
formation at low-NOx and high-NOx levels, respectively. In Chapter 2, controlled laboratory 
studies were performed with synthesized isoprene epoxydiols (IEPOX), which are second-
generation products produced by the atmospheric oxidation of isoprene under low-NOx 
conditions, to systematically explore their reactive uptake potentials on neutral and acidic 
sulfate. Results from this study conclusively support previous mass spectrometric evidence 
for the role of IEPOX in forming SOA from isoprene oxidation, and demonstrate that 
isoprene SOA is increased in the presence of sulfuric acid, confirming that aerosol formation 
from VOCs emitted by terrestrial vegetation could be enhanced due to anthropogenic 
pollution such as SO2 emissions.  
In Chapter 3, methacrylic acid epoxide (MAE) is identified as a previously unreported 
precursor to isoprene SOA formation under high-NOx conditions. MAE is proposed to arise 
from decomposition of the OH adduct of methacryloylperoxynitrate (HOMPAN). This 
hypothesis is supported by chemical characterization of SOA constituents derived from 
synthetic MAE compared with those from photooxidation of isoprene, methacrolein, and 
MPAN under high-NOx conditions. Computational chemistry calculations were carried to 
further support this hypothesis. By incorporating MAE chemistry into the current 
Community Multiscale Air Quality (CMAQ) model, simulation results were found to be 
consistent with field observations taken in Chapel Hill, NC.  This indicates the atmospheric 
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significance and relevance of MAE chemistry across the U.S., especially in urban areas 
heavily impacted by isoprene emissions.  
Chapter 4 presents field work that was conducted in the Southeastern U.S. to investigate 
the anthropogenic influences on isoprene SOA formation. Ambient PM2.5 samples were 
collected from Yorkville, GA, a rural site within the Southeastern Aerosol Research and 
Characterization Study (SEARCH) network during the summer of 2010. This field study is 
an extension of our laboratory work to assess the atmospheric relevance of our laboratory 
findings regarding the influence of sulfuric acid derived from anthropogenic emissions on 
ambient SOA formation. In this study, environmental thresholds for SOA sample collection 
depended upon either ambient sulfur dioxide (SO2) or ammonia (NH3) levels. Aerosol acidity 
was estimated to evaluate the atmospheric significance of laboratory parameters that have 
been shown to enhance SOA formation.  
Finally, Chapter 5 summarizes the conclusions derived from this dissertation. The 
implications and future directions are also discussed. 
Additional information is available in Appendices. Synthesis of IEPOX isomers and 3-
methyltetrahydrofuran-3,4-diols (3-MeTHF-3,4-diols) by Zhang et al. (43) is provided in 
Appendix A. A parallel study on secondary organic aerosol formation from MACR 
photooxidation by our research group (44) is provided in Appendix B.  
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Figure 1-1. Simpliﬁed representation for the photooxidation of a generic VOC 
  
 12 
 
 
 
Figure 1-2. Published route of the NOx-dependent heterogeneous isoprene SOA formation 
mechanisms. The boxed species represent particle-phase SOA constituents that have been 
detected in laboratory-generated and ambient aerosol samples. The double-boxed species 
represents the unreacted particle-phase IEPOX, proposed as a result of equilibrium gas-to-
particle partitioning (30, 45).   
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Chapter II 
 
Isoprene Epoxydiols as Precursors to Secondary Organic Aerosol 
Formation: Acid-Catalyzed Reactive Uptake Studies with Authentic 
Compounds 
1
 
 
2.1 Overview 
Isoprene epoxydiols (IEPOX), formed from the photooxidation of isoprene under low-
NOx conditions, have recently been proposed as precursors of secondary organic aerosol 
(SOA) on the basis of mass spectrometric evidence. In the present study, IEPOX isomers 
were synthesized in high purity (> 99%) to investigate their potential to form SOA via 
reactive uptake in a series of controlled dark chamber studies followed by reaction product 
analyses. IEPOX-derived SOA was substantially observed only in the presence of acidic 
aerosols, with conservative lower-bound yields of 4.7–6.4% for β-IEPOX and 3.4–5.5% for 
δ-IEPOX, providing direct evidence for IEPOX isomers as precursors to isoprene SOA. 
These chamber studies demonstrate that IEPOX uptake explains the formation of known 
isoprene SOA tracers found in ambient aerosols, including 2-methyltetrols, C5-alkene triols, 
dimers, and IEPOX-derived organosulfates. Additionally, we show reactive uptake on the 
acidified sulfate aerosols supports a previously unreported acid-catalyzed intramolecular 
rearrangement of IEPOX to cis- and trans-3-methyltetrahydrofuran-3,4-diols (3-MeTHF-
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3,4-diols) in the particle phase. Analysis of these novel tracer compounds by aerosol mass 
spectrometry (AMS) suggests that they contribute to a unique factor resolved from positive 
matrix factorization (PMF) of AMS organic aerosol spectra collected from low-NOx, 
isoprene-dominated regions influenced by the presence of acidic aerosols. 
2.2 Introduction 
Isoprene (2-methyl-1,3-butadiene, C5H8) is the single largest biogenic non-methane 
hydrocarbon emitted into the Earth’s atmosphere (1), and has been estimated to contribute 
substantially to the global SOA budget (2, 3). In remote forested regions where the 
environments are characterized by high isoprene emissions and low-NOx concentrations, 
reactions with hydroxyl radicals (OH) are responsible for the vast majority of isoprene 
oxidation, thereby forming considerable amounts of low-volatility products that readily form 
SOA (3, 4). Isoprene-derived SOA species are likely to be formed by heterogeneous 
reactions (5, 6); however, there is little agreement regarding the mechanism(s) responsible 
for SOA formation following isoprene oxidation under low-NOx conditions. 
Laboratory investigations based on mass spectrometric analysis and modeling studies 
have led to the hypothesis that gas-phase IEPOX isomers arising from the oxidation of 
isoprene hydroxyhydroperoxides (ISOPOOH) are likely to be key intermediates in the 
formation of isoprene SOA under low-NOx conditions (5, 6). Paulot et al. (5), for example, 
reported the formation of gaseous IEPOX in high yield (~ 50%) from the OH-initiated 
oxidation of isoprene. Additionally, the identification of isoprene-derived SOA constituents 
including 2-methyltetrols (4), C5-alkene triols (7), dimers (8), as well as their organosulfate 
derivatives (9) support an intermediary role for IEPOX, as these species can be formed by 
acid-catalyzed oxirane ring-opening of IEPOX. Such ring-opening reactions are reported to 
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be kinetically favorable under typical tropospheric conditions, with reaction rates enhanced 
by acidity (10-12). The importance of IEPOX reactions has also been supported by Surratt et 
al. (6) who performed reactive uptake chamber experiments with 1,4-dihydroxy-2,3-
epoxybutane (BEPOX), a structurally related surrogate of IEPOX, and observed its rapid and 
enhanced uptake onto acidified sulfate seed aerosols.  
In the present work, we investigate the reactive uptake of authentic synthesized IEPOX 
isomers onto pre-existing sulfate seed aerosols in a series of controlled dark chamber studies 
under acidic and neutral conditions. The objectives of this work were to demonstrate SOA 
formation through the IEPOX route in the low-NOx regime, and to examine the influence of 
aerosol acidity on IEPOX-derived SOA formation. SOA yields from reactive uptake of cis-β-
IEPOX and a mixture of racemic diastereomers of δ-IEPOX were measured, as well as the 
detailed chemical composition of the resultant SOA. The SOA constituents chemically 
characterized from the chamber studies were directly compared to fine aerosol samples 
collected from the rural southeastern U.S. (Yorkville, GA) during the summer of 2010, to 
confirm the atmospheric relevance of the chamber findings. The results of this comparison 
provide substantial support for the role of IEPOX in forming organic aerosol in the Earth’s 
troposphere. In addition, reactive uptake of the IEPOX isomers on acidified sulfate seed 
aerosol was observed to yield cis- and trans-3-methyltetrahydrofuran-3,4-diols (3-MeTHF-
3,4-diols), heretofore unreported products of an intramolecular rearrangement in the particle 
phase. Analysis of these tracer compounds by aerosol mass spectrometry (AMS) suggests the 
possibility that they contribute to a unique factor resolved from the positive matrix 
factorization (PMF) analysis of AMS data collected from low-NOx, isoprene-dominated 
regions. 
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2.3 Experimental Section 
2.3.1 Synthesis of Reactive Intermediates 
cis-β-IEPOX, the racemic mixture of δ-IEPOX diastereomers ([(2′R)-1S]/[(2′S)-1R]- and 
[(2′S)-1S]/[(2′R)-1R]-1-(2-methyloxiranyl)-1,2-ethanediols), and cis- and trans-3-
methyltetrahydrofuran-3,4-diols  were synthesized according to schemes developed in-house. 
Complete synthetic procedures and characterization will be described in a forthcoming 
publication. The identity and purity of each synthesized compound was confirmed by 
1
H- and 
13
C-NMR (Figures S2-1-S2-2), and gas chromatography/mass spectrometry (GC/MS) with 
electron ionization (EI) (Figure 2-1).  
2.3.2 Chamber Experiments 
Chamber experiments were conducted in an indoor 10-m
3
 flexible Teflon chamber at 
UNC.  Prior to the start of each experiment, the chamber was flushed continuously with clean 
house air for over 24 h corresponding to a minimum of 5 chamber volumes. A scanning 
mobility particle sizer (SMPS) system equipped with a cylindrical differential mobility 
analyzer (DMA, Model 3081, TSI, Inc.) and a condensation particle counter (CPC, Model 
3022, TSI, Inc.) was used to measure aerosol size distributions and particle volume 
concentrations inside the chamber. Chamber background aerosol concentrations were 
monitored before all experiments to ensure that there was no pre-existing aerosol in the 
chamber. Either acidic or neutral seed aerosols were introduced into the chamber by 
atomizing 0.06 M MgSO4+ 0.06 M H2SO4 (aq) and 0.06 M (NH4)2SO4 (aq) solutions, 
respectively. Glass microliter syringes were used to inject known amounts of reactive 
intermediates (β- and δ-IEPOX) into a 10 mL glass manifold. Approximately 15 mg of 
IEPOX was injected for each experiment (the mixing ratios of β- and δ-IEPOX were ~300 
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ppbv). The manifold was wrapped with calibrated heating tapes heated to 60°C, and flushed 
with N2 (pre-heated to 60°C) at 5 L min
-1
 for at least 2 h until no additional increase in 
aerosol volume was observed by the SMPS. After stabilization of particle volume 
concentrations, aerosol samples were collected on 47 mm diameter, 1.0-µm pore size Teflon 
membrane filters (Pall Life Science) for product analyses, at a sampling flow rate of ~20 L 
min
-1
 for 2 hours. For each experiment, two Teflon filters were stacked in the filter holder. 
The front filter was collected to examine particle-phase reaction products, whereas the back 
filter was collected to correct for any gas-phase IEPOX absorption on the filters. All 
experiments were carried out in the dark at a constant temperature (20–25°C) under dry 
(RH<5%) conditions. Control experiments were also performed to rule out potential artifacts. 
These included chamber blank experiments along with addition of reactive intermediates (β- 
and δ-IEPOX) or seed aerosol (i.e., acidic and neutral seed) to the chamber in isolation. 
Details regarding experimental conditions are fully listed in Table 2-1. 
2.3.3 Ambient Aerosol Collection 
Ambient PM2.5 filter samples collected from the Southeastern Aerosol Research and 
Characterization Study (SEARCH) network during the summer of 2010 were analyzed for 
IEPOX-derived SOA tracer compounds to confirm atmospheric relevancy of the chamber 
findings. The detailed site descriptions are provided elsewhere (13). Briefly, high-volume 
quartz filters were collected at 1 m
3
 min
-1
 in Yorkville, GA, a rural site located 
approximately 60 km WNW of Atlanta, GA with high isoprene emissions, to examine 
acidity-dependent heterogeneous reactions on ambient organic aerosol formation. Filter 
samples were collected by conditional sampling strategies, defined by pre-selected 
environmental SO2 thresholds, rather than time integration. Specifically, samples were only 
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collected when the ambient SO2 mixing ratio was ≥ 0.50 ppbv during the day time, in order 
to examine how IEPOX-derived SOA formed under atmospherically relevant aerosol 
acidities. 
2.3.4 Aerosol-Phase Chemical Analyses 
Teflon filters collected from the chamber experiments were extracted with 20 mL high-
purity methanol (LC-MS CHROMASOLV-grade, Sigma-Aldrich) under 45 min of 
sonication. The filter extracts were blown dry under a gentle N2 stream at room temperature. 
Residues were then trimethylsilylated by reacting with 100 µL of BSTFA + TMCS (99:1 v/v, 
Supelco) and 50 µL of pyridine (anhydrous, 99.8%, Sigma-Aldrich). The reaction mixture 
was heated at 70°C for 1 h, and analyzed by GC/MS within 24 h after extraction. GC/MS 
analysis was performed using a Hewlett-Packard (HP) 5890 Series II Gas Chromatograph 
coupled to a HP 5971A Mass Selective Detector. An Econo-Cap™-EC™-5 Capillary 
Column (30 m × 0.25 mm i.d.; 0.25 µm film thickness) was used to separate the 
trimethylsilyl (TMS) derivatives before MS detection. 1 µL of each derivatized sample was 
injected onto the GC column. Operating conditions and temperature program of the GC/MS 
were as described previously by Surratt et al. (6) Characterization of IEPOX-derived 
organosulfates was performed using ultra performance liquid chromatography interfaced to a 
high-resolution quadrupole time-of-flight mass spectrometer (Agilent 6500 Series) equipped 
with an electrospray ionization source (UPLC/ESI-HR-Q-TOFMS) operated in the negative 
(–) ion mode. A Waters ACQUITY UPLC HSS T3 column (2.1 × 100 mm, 1.8 µm particle 
size) was used for chromatographic separations. Detailed UPLC/ESI-HR-Q-TOFMS 
operating conditions can be found in Zhang et al. (14) Teflon filters for LC/MS analyses 
were extracted in the same manner as those for GC/MS analyses. After the filter extracts 
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were blown dry, the extract residues were reconstituted with 150 µL of a 50:50 (v/v) solvent 
mixture of methanol containing 0.1% acetic acid (LC-MS CHROMASOLV-grade, Sigma-
Aldrich) and water containing 0.1% acetic acid (LC-MS CHROMASOLV-grade, Sigma-
Aldrich), and 5 µL of each sample was injected onto the LC column eluted with solvent of 
the same composition. Ambient quartz filter samples were extracted and analyzed in the 
same manner as Teflon filters from the chamber studies, except the sample extracts were 
filtered through 0.2 µm PTFE syringe filters (Pall Life Science, Acrodisc®) to remove 
suspended quartz filter fibers and insoluble particles (likely soot and soil). The efficiency of 
the extraction protocols was evaluated by spiking 5 replicates of pre-baked blank quartz 
filters with standards, including meso-erythritol (≥99%, Sigma), cis- and trans-3-MeTHF-
3,4-diols, and sodium propyl sulfate (electronic grade, City Chemical LLC). Extraction 
efficiencies (62-82%) are taken into account for each IEPOX-derived SOA constituent that is 
quantified in the field samples. 
2.3.5 High-Resolution Aerosol Mass Spectrometry of Aerosolized Standards 
High-resolution mass spectra of synthesized standards (β- IEPOX, δ-IEPOX, and cis- and 
trans-3-MeTHF-3,4-diols) were acquired using a high-resolution time-of-flight aerosol mass 
spectrometer (HR-AMS) (15). Standards were diluted in distilled water and atomized directly 
into the HR-AMS from a TSI (St. Paul, MN, USA) model 9302A aerosol atomizer after 
being passed through a silica-filled TSI model 3062 diffusion drier.  Prior to adding each 
standard in the atomizer, a mass spectrum of the distilled water solvent was collected to both 
ensure low contributions from organics and to correct mass spectra of synthesized standards 
for any such contributions. Relative to the contribution of signal from the standards 
themselves, contributions from water were minor. After collecting the background water 
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mass spectrum, a single synthesized sample was added directly to the atomizer and the mass 
spectrum of the sample was then collected. The atomizer and sampling lines were rinsed 
extensively with several aliquots of distilled water between each analysis.  All spectra were 
collected with the HR-AMS operating in W-mode (m/Δm=4000-5000) and all spectra were 
averaged over a period of 5-10 min depending on the resulting particle concentration (with 
the exception of β-IEPOX, all samples were averaged for 5 min).  Unit resolution and HR-
AMS data was analyzed with the Squirrel and Pika software packages, respectively, 
developed by the Jimenez group at the University of Colorado-Boulder (16). 
2.4 Results and Discussion 
2.4.1 Authentic Standards 
Although synthesis of cis-β-IEPOX (17), the racemic δ-IEPOX diastereomers (18), and 
cis-3-MeTHF-3,4-diol (19) has been reported, original routes were devised to provide 
standards in high purity via streamlined procedures. The 
1
H-NMR spectra are either identical 
to those reported for the published compounds (Figures S2-1A, S2-1B and S2-2A) or in 
agreement with the structure assigned (Figure S2-2B). Total ion current (TIC) 
chromatograms and GC/MS spectra of the TMS-derivatized standards shown in Figure 2-1 
demonstrate purity. Noteworthy are the differences in retention times of the IEPOX and 3-
MeTHF-3,4-diol isomers, and the presence of a strong molecular ion (m/z 262) in the EI 
mass spectra of the 3-MeTHF-3,4-diol isomers, the significance of which will be discussed 
below. 
2.4.2 Aerosol Growth from Reactive Uptake Experiments 
No aerosol growth was observed in blank experiments (e.g., clean chamber only, seed 
aerosol only, and reactive intermediates only) performed for quality control to ensure all 
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observed aerosol growth is truly from the reactive uptake of  IEPOX. In addition, chemical 
analyses of filters collected from these blank experiments revealed no detectable SOA 
constituents. 
Comparisons of aerosol growth under acidic and neutral conditions are shown in Figure 
S2-3, in which ~ 15 mg IEPOX was injected in the presence of acidified or neutral sulfate 
seed aerosols. From the wall-loss uncorrected SMPS data, reactive uptake of both β- and δ-
IEPOX is enhanced under acidic conditions relative to that under neutral conditions. 
Measured SOA yields are summarized in Table 2-1. SOA yields (Y) are defined as the ratio 
of mass concentration of SOA formed (ΔM0) to mass concentration of IEPOX reacted 
(ΔROG) (20). SOA density of 1.25 g cm-3 was assumed when converting the measured 
volume concentrations to mass concentrations in order to determine the SOA yields (21). To 
calculate SOA yields, all the measured aerosol volumes were corrected for wall losses. The 
chamber-dependent wall loss coefficient was characterized by conducting a number of the 
seed aerosol only experiments in the absence of IEPOX. It is worth noting that the wall loss 
correction accounts only for the decay of seed aerosols as a function of time without size 
dependence, and does not take into account the wall losses of IEPOX vapors. Reacted 
IEPOX (ΔROG) was estimated by gravimetric methods. Specifically, the weight of the 
injection manifold was measured before and after experiments to determine how much 
IEPOX had been introduced into the chamber, with the assumption that injected IEPOX is 
equivalent to ΔROG. It should be noted that this approach only attempts to provide a 
conservative lower-bound estimate of SOA yields, since IEPOX may not completely react in 
the chamber. As a result, ΔROG could have been overestimated if some IEPOX remained in 
the gas phase, or was lost to the chamber walls. A more accurate SOA yield calculation 
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requires use of an on-line soft ionization MS technique, such as a chemical ionization, as 
previously employed by Paulot et al. (5), to accurately quantify the mixing ratios of IEPOX 
during the course of the experiments. Another limitation of this study that should be noted is 
that all chamber experiments were conducted under low RH (< 5%) conditions, and as a 
result, the sulfuric acid seed aerosol atomized into the chamber could be much more acidic 
than a sulfuric acid seed aerosol in the atmosphere. Further studies are required to estimate 
aerosol acidity and measure SOA yields under atmospherically relevant conditions of aerosol 
acidity. 
2.4.3 Chemical Characterization of Aerosol-Phase Reaction Products 
Figure 2-2 shows the GC/MS extracted ion chromatograms (EICs) of TMS-derivatized 
particle-phase reaction products from reactive uptake of cis-β-IEPOX (A1-D1) and δ-IEPOX  
(A2-D2) chamber experiments in the presence of acidified sulfate seed aerosol, as well as a 
selected field sample (A3-D3) collected from the Yorkville, GA SEARCH site. Qualitatively, 
retention times of IEPOX-derived SOA tracer ions detected from chamber samples agree 
with those from field samples. However, retention times of the peaks in the EIC of m/z 262, 
which have been attributed to unreacted particle-phase IEPOX isomers (6, 22), do not 
correspond to the retention times observed in the TIC chromatograms of the authentic 
IEPOX isomers (ref. Figure 2-1). Furthermore, a molecular ion at m/z 262 is not observed in 
the EI mass spectra of either IEPOX isomer. As a consequence, a different set of isomers 
must be responsible for the EIC of m/z 262 in the field sample. Based on acid-catalyzed 
cyclization of tetraols (23-25), 3-MeTHF-3,4-diol isomers were synthesized as likely 
candidates and confirmed as the source of the EIC at m/z 262 in the field sample. A 
mechanism for the acid-catalyzed rearrangement of IEPOX and an EI-MS fragmentation 
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pathway are suggested in Schemes 2-1 and 2-2, respectively. Scheme 2-2 leads to the 
diagnostic ion at m/z 204. Consistent with formation through acid-catalyzed cyclization, the 
concentrations of the 3-MeTHF-3,4-diols were measured to increase from 0.27 to 2.29 µg   
m
-3
 on changing from neutral to acidic conditions in δ-IEPOX reactive uptake chamber 
experiments, and from non-detectable (n.d.) to 1.25 µg m
-3
 in β-IEPOX experiments. In a 
prior study, Wang et al. (7) have proposed the 3-MeTHF-3,4-diols as intermediates in the 
formation of C5-alkene triols through acid-catalyzed rearrangement of epoxydiol derivatives 
of isoprene via δ-IEPOX, and indicated C5-alkene triols are possibly formed in acidic 
ambient conditions with low RH that do not allow the complete hydrolysis of IEPOX. Our 
findings support this plausible mechanism, and further demonstrate the formation of 3-
MeTHF-3,4-diols in the particle phase. An important implication stemming from the 
identification of the 3-MeTHF-3,4-diols in the particle phase is the suggestion of a 
mechanism for trapping gaseous IEPOX in the generation of SOA from isoprene. The EICs 
associated with the remaining TMS-derivatives in Figure 2-2 correspond to the products 
observed in the chamber study. Thus, our chamber studies demonstrate that in addition to the 
3-MeTHF-3,4-diols, the previously identified low-NOx isoprene SOA tracer compounds are 
formed from reactive uptake of gaseous IEPOX.  
Figure 2-3 shows the relative abundance of IEPOX-derived SOA tracers, expressed as 
peak areas normalized by sampling volume detected under acidic and neutral conditions. 
Quantitatively, all of the measured reaction products are significantly enhanced in the 
presence of acidified sulfate seed aerosols. As a specific example, the 2-methyltetrols, which 
are quantified by using meso-erythritol as a surrogate standard, increase from 0.12 under 
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neutral conditions to 0.61 µg m
-3
 under acidic conditions in the δ-IEPOX reactive uptake 
chamber experiments.  
A recent study by Robinson et al. (26) shows that methylfuran (MeF) contributes a 
significant fraction (up to 15% by mass) of submicron aerosol (PM1) above a Malaysian 
maritime tropical rainforest. PMF analysis of AMS organic mass spectral data resolved a 
robust factor that accounted for upwards of 53% of the PM1 organic mass (26). The time 
series of this factor was highly correlated with the time series of the first-generation isoprene 
oxidation products (methylvinyl ketone and methacrolein) identified by proton transfer 
reaction mass spectrometry, and its spectrum was characterized by prominent MeF fragments 
at m/z 53 and m/z 82 (mostly C5H6O
+
). These observations led Robinson et al. (26) to suggest 
that isoprene oxidation plays a significant role in the formation of SOA in this remote 
forested region. A similar factor has also been observed by Slowik et al. (27) from PMF 
analysis of AMS organic mass spectra from Ontario. While the origin of MeF has not been 
established in the Robinson et al. (26) and Slowik et al. (27) studies, we considered that 3-
MeTHF-3,4-diols might be a source of MeF under conditions of analysis by AMS and 2D-
GC/MS techniques when thermally desorbed and subjected to EI, especially since the 
atmospheric conditions in both the Robinson et al. (26) and Slowik et al. (27) studies are 
favorable for IEPOX formation (i.e., high isoprene emissions and low NOx levels). This 
possibility was investigated by atomizing solutions of our pure synthetic standards into a HR-
AMS. Full AMS unit mass resolution (UMR) mass spectra of synthesized standards are 
available in Supporting Information (Figures S2-7 and S2-8). High resolution spectra at m/z 
53, 75, 82, and 100 are shown in Figure 2-4. The m/z 82 fragment, corresponding to 3-
methylfuran (3-MeF), is present in the HR-AMS mass spectra of the 3-MeTHF-3,4-diols and 
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is mostly due to C5H6O
+
. The elemental composition of m/z 53 (mostly C4H5
+
), m/z 75 
(mostly C3H7O2
+
), and m/z 100 (mostly C5H8O2
+
), might aid in interpreting PMF analyses of 
AMS field datasets. HR-AMS mass spectra of β- and δ-IEPOX authentic standards also show 
similar mass spectral patterns, indicating further that this series of compounds may be useful 
for interpreting PMF results from prior studies. Ratios of m/z 82 to both the average signal at 
m/z 81 and m/z 83 (82:avg(81,83)) and total organic signal (82:org) as well as the ratio of 
C5H6O
+
 to m/z 82 (C5H6O
+
:m/z 82) and total organic signal (C5H6O
+
:org) from HR-AMS 
mass spectra of the synthesized standards are reported in Table 2-2. These ratios correspond 
well to those reported by Robinson et al. (26) for the 82Fac resolved from Borneo where 
maritime air in this remote tropical rainforest could have provided acidic aerosol surfaces due 
to dimethyl sulfide (DMS) oxidation, thus providing conditions favorable to the formation of 
increased amounts of isomeric 3-MeTHF-3,4-diols and other IEPOX-derived SOA 
constituents.  
2.4.4 Atmospheric Abundance 
Mass concentrations of IEPOX-derived SOA tracers quantified in the field sample from 
Yorkville are reported in Table 2-3. Cis- and trans-3-MeTHF-3,4-diols were quantified using 
authentic standards, while meso-erythritol was used as a surrogate to quantify 2-methyltetrols, 
C5-alkene triols, and dimers. Sodium propyl sulfate was used as a surrogate standard to 
quantify IEPOX-derived organosulfates. For each tracer compound, mass concentrations are 
expressed as the sum of all corresponding isomers. The identified low-NOx IEPOX-derived 
SOA tracers are estimated to account for 7.9 % of the total organic carbon (OC) in this field 
sample. This value is higher than that reported in a prior study by Chan et al. (22) who 
analyzed ambient aerosol samples collected from the same site during the summer of 2008. 
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Estimated mass concentrations of isomeric 3-MeTHF-3,4-diols and the organosulfate 
derivatives are higher than previously reported, possibly due to the sampling of high SO2 
plumes during the conditional-sampling field campaign, as well as the use of authentic 
quantifying standards in our study. Taken together, these observations suggest that IEPOX 
routes are atmospherically relevant and play an important role in the formation of isoprene 
SOA in the low-NOx regime. 
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Scheme 2-1. Proposed acid-catalyzed intramolecular rearrangement of IEPOX 
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Scheme 2-2. Fragmentation pathways of trimethylsilylated 3-MeTHF-3,4-diols in the EI-
mass spectra 
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Table 2-1. Experimental conditions and results for IEPOX reactive uptake experiments 
  
exp. # 
reactive 
intermediates 
seed 
aerosol 
IEPOX 
reacted (µg m-
3) 
initial seed 
(µm3 cm-3) 
SOA formed
a
 
(µg m-3) 
SOA 
yield 
1 δ-IEPOX Acidic 1320 45.8 55 4.2% 
2 δ-IEPOX Acidic 1240 45.0 68 5.5% 
3 δ-IEPOX Acidic 1340 45.9 45 3.4% 
4 δ-IEPOX Neutral 1430 44.9 7.6 0.5% 
5 δ-IEPOX Neutral 1400 45.3 3.8 0.3% 
6 β-IEPOX Acidic 1310 45.6 84 6.4% 
7 β-IEPOX Acidic 1430 50.5 90 6.3% 
8 β-IEPOX Acidic 1360 46.6 64 4.7% 
9 β-IEPOX Neutral 1410 45.8 17 1.2% 
10 β-IEPOX Neutral 1400 40.7 12 0.9% 
a
SOA density of 1.25 g cm
-3
 is assumed  from Kroll et al. (21). 
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Table 2-2. Ratios of m/z 82 signal to both the average signal at m/z 81 and m/z 83 
(82:avg(81,83)) and total organic signal (82:org) and C5H6O
+
 to m/z 82 (C5H6O
+
:m/z 82) 
and total organic signal (C5H6O
+
:org) obtained from HR-AMS mass spectra of synthesized 
standards. 
  
  cis-3-MeTHF-3,4-diol trans-3-MeTHF-3,4-diol β-IEPOX δ-IEPOX 
82:avg(81,83) 0.72 ± 0.05 2.04 ± 0.04 1.57 ± 0.05 1.02 ± 0.02 
82:org 0.77 ± 0.03% 1.70 ± 0.01% 2.32 ± 0.02% 1.83 ± 0.01% 
C5H6O
+
:m/z 82 67.9 ± 0.04% 95.3 ± 0.02% 90.9 ± 0.03% 93.7 ± 0.02% 
C5H6O
+
:org 0.52 ± 0.02% 1.62 ± 0.01% 2.11 ± 0.02% 1.71 ± 0.01% 
 36 
 
Table 2-3. Mass concentrations of IEPOX-derived SOA tracer compounds in a 
representative ambient PM2.5 sample collected in Yorkville, GA (YRK) during the summer of 
2010 
 
  
IEPOX SOA tracers 
mass conc. 
 (ng m
-3
) 
2-methyltetrols           330 
C-5 alkene triols           290 
3-MeTHF-3,4-diols             27 
dimers          0.50 
  
Organosulfate derivatives of 
2-methyltetrols 
  72 
Organosulfate derivatives of 
dimers 
 5.0 
  
Σ IEPOX SOA tracers (ngC m-3)           340 
OC (µgC m
-3
)   4.3 
Σ IEPOX SOA tracers/ OC       7.9 % 
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Figure 2-1. GC/MS TIC traces and mass spectra of TMS-derivatized authentic standards. (A) 
cis-β-IEPOX, (B) δ-IEPOX, (C) cis-3-MeTHF-3,4-diol, (D) trans-3-MeTHF-3,4-diol. δ-
IEPOX isomers could not be separated on this GC column.   
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Figure 2-2. GC/MS extracted ion chromatograms (EICs) of TMS-derivatized particle-phase 
reaction products from reactive uptake of cis-β-IEPOX (A1-D1) and δ-IEPOX (A2-D2) 
experiments in the presence of acidic seed aerosol, and from field samples (A3-D3) collected 
in Yorkville, GA during the summer of 2010. Specifically, (A) shows EIC of m/z 262 from 3-
MeTHF-3,4-diols, (B) shows the EIC of m/z 231 from C5-alkene triols, (C) shows EIC of m/z 
219 from 2-methyltetrols, and  (D) shows EIC of m/z 335 from dimers.   
 39 
 
 
Figure 2-3. Normalized peak area of IEPOX-derived SOA tracers detected under acidic and 
neutral conditions. Aerosol-phase reaction products analyzed by GC/MS: 3-MeTHF-3,4-diols 
(m/z 262); C5-alkene triols (m/z 231); 2-methyltetrols (m/z 219); dimers (m/z 335). 
Organosulfate derivatives analyzed by UPLC/(–)ESI-Q-ToFMS: organosulfate derivative of 
the 2-methyltetrols (m/z 215); organosulfate derivative of the dimers (m/z 333).   
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Figure 2-4. High-resolution difference spectra of synthesized standards at nominal m/z 53, 
75, 82, and 100 showing the contributions of various ions. Note that each spectrum has been 
normalized by the corresponding total mass spectral signal. As a result, values on the y-axis 
represent fractional contributions to total signal.  Overall, the largest contributions at these 
masses arise from oxidized organic fragments including C3H7O2
+
 (m/z 75), C5H6O
+
 (m/z 82), 
and C5H8O2
+
 (m/z 100). The exception is at m/z 53 where the majority of signal from the 
reduced fragment C4H5
+
. 
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2.5 Supporting Information 
Additional information regarding NMR spectra (Figures S2-1-S2-2), SMPS data for the 
acidic and neutral aerosol experiments (Figure S2-3), GC/MS EI mass spectra for all IEPOX-
derived SOA constituents found in the lab and field samples (Figures S2-4-S2-6), and full 
AMS unit mass resolution (UMR) mass spectra (Figures S2-7-S2-8) are provided. 
Additionally, Table S2-1 provides a summary of all IEPOX-derived SOA tracers 
characterized in this study.  This material is available free of charge via the Internet at 
http://pubs.acs.org/.  
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Table S2-1. Summary of IEPOX-derived SOA tracers characterized in this study 
IEPOX-derived SOA tracers Analytical Techniques 
a
 
Tracer Ion 
(m/z) 
Retention Time 
(min) 
3-methyltetrahydrofuran-3, 4-
diols (3-MeTHF-3,4-diols) 
GC/EI-MS 262 22.20 
GC/EI-MS 262 22.81 
C5-alkene triols 
GC/EI-MS 231 27.30 
GC/EI-MS 231 28.35 
GC/EI-MS 231 28.71 
2-methyltetrols 
GC/EI-MS 219 34.73 
GC/EI-MS 219 35.58 
dimers GC/EI-MS 335 54.56 
organosulfate derivatives of the  
2-methyltetrols 
UPLC/ESI-HR-Q-ToFMS 215 1.115 
organosulfate derivatives of the  
dimers 
UPLC/ESI-HR-Q-ToFMS 333 1.191 
a
 Reaction products analyzed by GC/EI-MS are derivatized by trimethylsilylation.   
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Figure S2-1A. 
1
H NMR (400 MHz, chloroform-d) of (2-methyloxirane-2,3-diyl)dimethanol 
(cis-β-IEPOX). 
 
Figure S2-1B. 
13
C NMR (100 MHz, chloroform-d), (2-methyloxirane-2,3-diyl)dimethanol 
(cis-β-IEPOX). 
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Figure S2-1C. 
1
H NMR (400 MHz, chloroform-d) racemic mixture of δ-IEPOX 
diastereomers [(2′R)-1S]/[(2′S)-1R]-1-(2-methyloxiranyl)-1,2-ethanediol (2a) and [(2′S)-
1S]/[(2′R)-1R]-1-(2-methyloxiranyl)-1,2-ethanediol (2b). Signal assignments are based on 
Adam et al. (18). 
 
Figure S2-1D. 
13
C NMR (100 MHz, chloroform-d), racemic mixture of δ-IEPOX 
diastereomers 2a and 2b ([(2′R)-1S]/[(2′S)-1R]- and [(2′S)-1S]/[(2′R)-1R]-1-(2-
methyloxiranyl)-1,2-ethanediol, respectively). 
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Figure S2-2A. 
1
H NMR (400 MHz), chloroform-d) of cis-3-methyltetrahydrofuran-3,4-diol. 
 
Figure S2-2B. 
13
C NMR (100 MHz, chloroform-d) of cis-3-methyltetrahydrofuran-3,4-diol. 
Partial signal assignments are based on the presence of splittings consistent with 
2
JC – H or 
3
JC 
– H coupling (28), possible only for signals of C3 and C4. The 1:1:1 triplet at 77.2 ppm is due 
to natural abundance 
13
C-chloroform-d. 
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Figure S2-2 C. 
1
H NMR (400 MHz), chloroform-d) of trans-3-methyltetrahydrofuran-3,4-
diol. 
 
Figure S2-2 D. 
13
C NMR (100 MHz), chloroform-d) of trans-3-methyltetrahydrofuran-3,4-
diol. One ring carbon signal is obscured by the 
13
C-chloroform-d signals.   
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Figure S2-3. Evidence of SOA growth by acid-catalyzed reactive uptake from wall-loss 
uncorrected SMPS data. (A) β-IEPOX and (B) δ-IEPOX were introduced into the chamber 
with heated N2 (g) from time zero.   
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Figure S2-4. GC/MS EI mass spectra corresponding to reaction products formed in acidic 
seed aerosol from reactive uptake of cis-β-IEPOX. (A) EIC of m/z 262: 3-MeTHF-3,4-diol 
(B) EIC of m/z 231: C5-alkene triols (C) EIC of m/z 219: 2-methyltetrols (D) EIC of m/z 335: 
dimers.   
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Figure S2-5. GC/MS EI mass spectra corresponding to aerosol-phase reaction products 
formed in acidic seed aerosol from reactive uptake of δ-IEPOX. (A) EIC of m/z 262: 3-
MeTHF-3,4-diols (B) EIC of m/z 231: C5-alkene triols (C) EIC of m/z 219: 2-methyltetrols 
(D) EIC of m/z 335: dimers.  
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Figure S2-6. GC/MS EI mass spectra corresponding to IEPOX-derived reaction products 
found in a representative field sample collected from the southeastern United States during 
the summer of 2010. (A) EIC of m/z 262: 3-MeTHF-3,4-diols (B) EIC of m/z 231: C5-alkene 
triols (C) EIC of m/z 219: 2-methyltetrols (D) EIC of m/z 335: dimers.   
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Figure S2-7. HR-AMS unit mass resolution (UMR) mass spectra of synthesized standards 
(A) cis-3-MeTHF-3,4-diol, (B) trans-3-MeTHF-3,4-diol, (C) β-IEPOX, and (D) δ-IEPOX. 
UMR spectra of atomizer background, the synthesized standard, and that of the standard with 
the atomizer background subtracted are shown.   
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Figure S2-8. Background corrected HR-AMS unit mass resolution (UMR) mass spectra of 
synthesized standards (A) cis-3-MeTHF-3,4-diol, (B) trans-3-MeTHF-3,4-diol, (C) β-IEPOX, 
and (D) δ-IEPOX that have been normalized by the total organic signal (i.e., m/zi/org). As 
such, these spectra show the relative contribution of each fragment to total organic signal.  
The intensities of m/z > 90 have been adjusted to clearly show the contribution and patterns 
of fragments in that mass range.  
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Chapter III 
 
Epoxide as a Precursor to Secondary Organic Aerosol Formation from 
Isoprene Photooxidation in the Presence of Nitrogen Oxides 
2
 
 
3.1 Overview 
Isoprene is a substantial contributor to the global secondary organic aerosol (SOA) 
burden, with implications for public health and the climate system. The mechanism by which 
isoprene-derived SOA is formed and the influence of environmental conditions, however, 
remain unclear. We present evidence from controlled smog chamber experiments and field 
measurements that in the presence of high levels of nitrogen oxides (NOx = NO + NO2) 
typical of urban atmospheres, 2-methyloxirane-2-carboxylic acid (methacrylic acid epoxide; 
MAE) is a precursor to known isoprene-derived SOA tracers, and ultimately to SOA. We 
propose that MAE arises from decomposition of the OH adduct of methacryloylperoxynitrate 
(HOMPAN). This hypothesis is supported by the similarity of SOA constituents derived 
from MAE to those from photooxidation of isoprene, methacrolein, and MPAN under high-
NOx conditions. Strong support is further derived from computational chemistry calculations 
and Community Multiscale Air Quality (CMAQ) model simulations, yielding predictions 
consistent with field observations. Field measurements taken in Chapel Hill, NC, considered 
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along with the modeling results indicate the atmospheric significance and relevance of MAE 
chemistry across the U.S., especiallyin urban areas heavily impacted by isoprene emissions. 
Identification of MAE implies a major role of atmospheric epoxides in forming SOA from 
isoprene photooxidation. Updating current atmospheric modeling frameworks with MAE 
chemistry could improve the way that SOA has been attributed to isoprene based on ambient 
tracer measurements, and lead to SOA parameterizations that better capture the dependency 
of yield on NOx. 
3.2 Introduction 
Isoprene (2-methyl-1,3-butadiene, C5H8) is released by terrestrial vegetation in an 
estimated quantity of 600 Tg-yr
-1
 (1) and represents the largest single non-methane 
hydrocarbon emission into Earth’s atmosphere. Photooxidation of isoprene by hydroxyl 
radicals (OH) during the daytime (2) has been identified as a source of tropospheric ozone 
(O3) (3) and secondary organic aerosol (SOA) (4-11). Recent work has shown that 
anthropogenic pollutants, particularly mixtures of nitrogen oxides (NOx = NO + NO2) and 
sulfur dioxide (SO2), greatly enhance isoprene as a source of SOA (5, 6, 8, 10, 11). While 
isoprene is thought to be a substantial contributor to global SOA (12, 13), the mechanism by 
which isoprene-derived SOA is formed and the influence of environmental conditions on 
SOA formation remain unclear, but are critical to developing PM2.5 control strategies for 
protection of public health and to assessing the impact on the climate system. Community 
Multiscale Air Quality (CMAQ) model simulations indicate that removal of controllable 
anthropogenic emissions could affect a reduction of greater than 50% in biogenic SOA in the 
eastern U.S. (14).  
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NOx-dependent chemical pathways have been proposed to explain isoprene-derived SOA 
tracers common to both laboratory-generated and organic aerosols in atmospheres typical of 
the urban environment (15). SOA formation from isoprene under high-NOx conditions has 
been ascribed to the oxidation of methacryloylperoxynitrate (MPAN) (10, 16), which 
laboratory studies have established as a second-generation oxidation product of isoprene (17, 
18). High NO2/NO ratios favor formation of MPAN from both isoprene and methacrolein 
(MACR) photooxidation and result in enhanced SOA yields (10, 16). Identification of similar 
chemical constituents in SOA produced from the photooxidation of isoprene, MACR, and 
MPAN further supports the central role of MPAN oxidation under these conditions (10). 
Mass spectrometric analysis of oligoesters and their mono nitrated and sulfated derivatives 
from SOA generated in the high NO2/NO chamber experiments yields a series of product 
ions separated by 102 Da, suggesting a common monomeric unit. While a mechanism of 
oligoester formation remains to be determined, the observation of a common monomeric unit 
is in accord with a critical single gas-phase intermediate from MPAN photooxidation as an 
oligoester precursor (10). 
The mechanism proposed in Figure 3-1 for SOA formation from the photooxidation of 
isoprene in the presence of NOx shows the published route to MPAN via the H-abstraction 
channel of the branching reaction of MACR with OH (17-19).
  
The fate of the transient 
resulting from the addition of OH to MPAN (HOMPAN), however, has until recently been a 
matter of conjecture. Kjaergaard et al. (20) have reported a computational study suggesting 
that the HOMPAN transient reacts by elimination of nitrate radical (NO3) followed by an 
intramolecular rearrangement to hydroxymethyl-methyl-α-lactone (HMML), which is 
suggested as the precursor of known high-NOx SOA compounds and oligoesters. In Figure 3-
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1 we suggest a second parallel, thermodynamically feasible pathway via rearrangement of 
HOMPAN to methacrylic acid epoxide (MAE), which yields known high-NOx SOA marker 
compounds and oligoesters similar to those previously reported from photooxidation of 
isoprene, MACR, and MPAN (10, 16, 21). This study presents experimental evidence 
supported by computational and modeling studies that the most likely route for isoprene-
derived SOA under high-NOx conditions is via the gas-phase intramolecular rearrangement 
of the HOMPAN adduct to MAE followed by reactive uptake. We have detected gaseous 
MAE in the local environment, and modeling of MAE production on a local scale is in 
accord with measured concentrations. Chemical transport modeling of ambient 
concentrations of gaseous MAE on a large scale over the southeastern U.S. demonstrates a 
potentially significant contribution of MAE to SOA in regions where isoprene emissions 
interact with anthropogenic pollutants. Taken together, the results present a coherent picture 
that strongly supports MAE as a critical intermediate leading to SOA formation from 
isoprene photooxidation in the presence of NOx and fills in an important step in the pathway 
to SOA under conditions where biogenic and anthropogenic emissions interact. 
3.3 Results and Discussion 
MAE from the Photooxidation of MACR in Presence of NOx. The photooxidation of 
MACR to MAE is confirmed by controlled outdoor smog chamber experiments conducted 
under the irradiation of natural sunlight at ambient temperature in the presence of NOx. Initial 
concentrations of MACR (1 ppmv), NO (400 ppbv) and NO2 (200 ppbv) were set for 
optimization of MPAN formation and generation of sufficient oxidation products for off-line 
chemical analysis based on simulations from a one-dimensional box model (see SI Text). 
Gas-phase samples were collected hourly with two fritted glass bubblers connected in series 
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and preceded by a Teflon filter to remove aerosol.  Ethyl acetate was selected as an aprotic 
collection solvent to avoid the possibility of MAE hydrolysis and the collection train was 
cooled in an ice bath to minimize the evaporation of solvent and volatile products. The 
bubbler samples were analyzed by ultra performance liquid chromatography interfaced to a 
high-resolution quadrupole time-of-flight mass spectrometer equipped with an electrospray 
ionization source (UPLC/ESI-HR-Q-TOFMS) operated in the negative ion mode. The 
extracted ion chromatograms (EICs) at the nominal mass of the MAE anion, m/z 101, are 
compared in Figure 3-2. The EIC in Figure 3-2A is from a MACR/NOx photooxidation 
experiment and in Figure 3-2B from an authentic MAE standard in ethyl acetate, which both 
show a single major peak with an identical retention time. The accurate mass of the extracted 
ion at m/z 101 corresponds to the composition of the MAE anion (C4H5O3
-
) within ± 1 mDa 
for both the bubbler sample and the MAE standard. 
The quantitative time profile of MAE formation during the course of an MACR 
photooxidation experiment (Figure S3-1) shows that the increase in gaseous MAE tracks 
with particle nucleation and growth. Since no seed aerosol was introduced into the chamber 
prior to the experiment, the increase of aerosol mass concentration can be ascribed to 
nucleation of MAE followed by heterogeneous oxirane ring-opening reactions. Off-line 
UPLC/ESI-HR-Q-TOFMS analysis of the nucleated aerosol collected on the Teflon filter 
preceding the tandem bubblers is in accord with this contention. The collected material is 
comprised primarily of higher order oligoesters with MAE as a common monomeric unit 
(Table S3-1), consistent with the high-NOx MPAN SOA constituents reported in Surratt et al. 
(10) and high-NOx MACR SOA constituents reported by other investigators (16, 22), and 
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thus consistent with MAE as the intermediate involved in SOA formation in these 
experiments. 
Gas chromatography/flame ionization detection data indicated that complete reaction of 
MACR was coincident with peak MAE concentration (Figure S3-1), and analysis of the 
back-up bubbler for breakthrough indicated a collection efficiency of 86% for gas-phase 
MAE.  MAE rapidly converts to particle mass and assuming MAE contributes 50–80% of the 
measured SOA mass in the chamber experiment (8), a range of values for the chamber-based 
MAE yield was determined. The total MAE mass concentration profile was estimated by 
summing the mass concentrations of MAE in the particle and gas phases as a function of time 
for the 50 and 80% contributions.  For each total mass contribution, an initial value for the 
MAE yield was selected and the time profile of the MAE concentration computed using the 
SAPRC07 chemical mechanism in a one-dimensional box model to obtain the molar yield of 
MAE. The procedure was repeated, varying the MAE yield until the predicted MAE mass 
concentration time profile was in agreement with the chamber profile (see Figure S3-2).  The 
final MAE yields for the 50 and 80% mass contributions provide lower and upper bounds of 
0.18 and 0.32, respectively, for the reaction of OH + MPAN to form MAE.  See SI Text for 
further details.  
Reactive Uptake of MAE onto Acidified Sulfate Aerosol. The Kleindienst et al. (23)
 
tracer-based source apportionment method uses 2-methylglyceric acid (2-MG) as an isoprene 
SOA tracer. We are able to provide insight into the mechanism of 2-MG formation by dark 
reactive uptake of MAE onto preexisting seed aerosols (see Table S3-2). Figure S3-3 
demonstrates that the uptake of synthetic MAE onto acidified sulfate aerosols yields 
substantial SOA mass, while uptake onto preexisting neutral sulfate seed aerosol is negligible. 
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Figure 3-3 shows that 2-MG is a component of SOA formed from the reactive uptake of 
MAE onto pre-existing acidified sulfate aerosol and has also been identified in SOA 
generated by the photochemical oxidation of both isoprene and MACR in the presence of 
NOx, and in PM2.5 collected from downtown Atlanta, GA, on August 9, 2008, at an 
[NO2]/[NO] ratio of 5.14 (22). Other high-NOx SOA tracers, such as the sulfate ester of 2-
MG (Figure S3-4), as well as the 2-MG dimer (24), have also been observed in these systems. 
The origin of the markers is most readily explained via nucleophilic attack on the oxirane 
ring of MAE by water to yield 2-MG, SO4
2–
 to yield 2-MG sulfate, or the carboxylate anion 
of MAE to yield the 2-MG dimer. Formation of sulfates and oligoesters by acid-catalyzed 
esterification is kinetically unfavorable under tropospheric conditions (25), and therefore 
ruled out as a mechanism.   
SOA yields (mass of SOA formed/initial MAE concentration) from our reactive uptake 
experiments are not reported because the uptake behavior of MAE is beyond the scope of the 
thermal equilibrium partitioning approach, and involves competitive kinetics. Additional 
work is required to obtain the reactive uptake coefficients (or reaction probabilities, ) to 
determine the heterogeneous removal rate of MAE. The heterogeneous removal rate will 
likely be highly variable, depending on particle composition, phase, acidity, presence of 
surfactants, and liquid water content. Once the heterogeneous removal rate has been 
determined, the current modeling framework can be refined to represent MAE chemistry in 
SOA models with increased accuracy. 
Computational Investigations of the OH + MPAN Reaction Pathway. As a first step in 
developing a chemical mechanism for the OH + MPAN addition reaction to form SOA from 
photooxidation of MACR in the presence of NOx, calculations were carried out to estimate 
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the total rate constant for this reaction and the yields of its products, including MAE. The 
energy diagram in Figure 3-4 was constructed based on our laboratory and field 
investigations of the formation of MAE from MACR under high-NOx conditions and the 
recent report of Kjaergaard et al. (20) on the potential formation of HMML from OH + 
MPAN. The quantum chemistry codes GAUSSIAN 2009, NEB, a nudged elastic band 
approach for identifying minimum energy paths, complexes and transition states, and 
DIMER for refining transition states and their energies, were used to construct the energy 
diagram (26-29). All of the quantum chemistry calculations were performed with the m062x 
density functional in GAUSSIAN 2009, using initially the 6-311++g** orbital basis set. 
The energy diagram shows the loose and tight transition states, and, as products, the 
MPAN--OH van der Waals complex, the HOMPAN adduct, and the loosely bound 
complexes MAE--NO3, HMML--NO3, and HAC (hydroxy acetone)--CO--NO3. The first 
NEB calculation, carried out between OH + MPAN and HOMPAN revealed a barrierless 
potential energy curve with the loose transition state TS1, the MPAN--OH van der Waals 
complex and the tight transition state TS2.  A second NEB calculation between HOMPAN 
and HAC--CO--NO3 showed HMML--NO3, along with the tight TS4 and TS6 transition states 
connecting HOMPAN to HMML--NO3 and HMML--NO3 to HAC--CO--NO3, respectively. 
Since MAE--NO3 was an expected intermediate in this reaction, a third NEB calculation was 
set up between HOMPAN, and HAC--CO--NO3, but this time with MAE--NO3 as an 
intermediate in the initial trajectory. The results of this NEB calculation confirmed the 
presence of MAE--NO3 and HMML--NO3 as well as the tight TS3, TS5, and TS6 transition 
states. The energy minima in Figure 3-4 corresponding to OH + MPAN, MPAN--OH, 
HOMPAN, MAE--NO3, HMML--NO3, and HAC--CO--NO3 were refined by computing their 
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structures, energies and vibrational frequencies using the maug-cc-pvtz basis set (30). The 
same level of theory was employed by DIMER to improve those properties for the tight 
transition states. The optimized zero point energy-corrected electronic energies, relative to 
the OH + MPAN energy for MPAN--OH, HOMPAN, MAE--NO3, HMML--NO3, HAC--
CO--NO3, and the tight transition states are shown in the diagram.     
 The structures, vibrational frequencies and energies of the reactants and the tight 
transition states, the fitted Morse parameters for the barrierless potential energy curve, the 
average energy transfer parameter, and the Lennard–Jones parameters were used as input for 
VARIFLEX, a widely used chemical kinetics code (31-33), to compute the total rate constant 
and molar yields for the OH + MPAN reaction at T=300 ºK and P=760 Torr. MPAN--OH, 
HOMPAN, MAE--NO3, and HMML--NO3 were subject to both forward and reverse 
reactions as well as energy-transferring thermalization collisions with the bath gas N2. 
Further details concerning the VARIFLEX calculations can be found in the SI Text. Using 
the computed value of -1.80 kcal mol
-1
 for the TS2 transition state energy, the total rate 
constant using VARIFLEX was calculated to be 5.69 x 10
-12
 cm
3
 molecule
-1
s
-1
.  This value 
differs significantly from the experimental value of 3.2 ± 0.8 × 10
-11
 cm
3
 molecule
-1
s
-1 
at 
T=275 ºK reported by Orlando et al. (18), who noted their measured rate constant was 
expected to vary little from the value at 300 ºK. Recent VARIFLEX calculations of rate 
constants for OH addition to hydrocarbons containing carbon double bonds have revealed 
similar differences. Greenwald et al. (34) observed for the OH + ethene addition reaction that 
decreasing the energy of the transition state analogous to TS2 by 1.0 kcal kmol
-1
, which is 
within the expected accuracy of their ab initio calculations, results in good agreement with 
experimental data between 300 and 400 ºK. A similar approach was adopted by Zador et al. 
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(35) in their computational investigations of the OH + propene addition reaction. 
Consequently, the TS2 transition state energy in the current study was adjusted to -2.80 kcal 
mol
-1
 based on the reported improvements in rate constant predictions, and the VARIFLEX 
calculation was repeated, yielding a rate constant of 3.00 × 10
-11
 cm
3
 molecules
-1
sec
-1
, in 
good agreement with the experimental value. We note, however (see SI Text), that the change 
in TS2 does not significantly impact the product yields. Using the revised TS2 transition state 
energy and neglecting the MPAN--OH van der Waals complex because of its shallow energy 
minimum and low molar yield coefficient MPAN--OH = -3.10 × 10
-7
, our calculations 
suggest the reaction mechanism, with its molar-based product yields, can be expressed as 
OH + MPAN    0.19 HOMPAN + 0.21 MAE--NO3 + 0.57 HMML--NO3  
                               + 0.03 HAC--CO--NO3      [1] 
The VARIFLEX-derived estimate of 0.21 for the yield for MAE is within the range of 0.18–
0.32 obtained in the chamber-based method. The major pathway for formation of MAE is the 
addition of OH radical to MPAN forming the chemically activated HOMPAN adduct. NO3 
then leaves HOMPAN by way of the rate determining transition state TS3, followed by a 
hydrogen atom transfer and formation of an epoxide (see Movie S1 for the calculated 
reaction). HMML warrants discussion as a potentially significant contributor to SOA as a 
consequence of its molar yield of 0.57. As a class, α-lactones are highly labile compounds 
that have not been observed under conditions relevant to the tropospheric environment (36, 
37). Additionally, there are no reports of attempts to generate HMML or to determine its 
reaction products. 2-Oxooxirane, the unsubstituted structural analog of HMML which would 
be expected to have similar physico-chemical properties, has been generated in the gas phase 
at 298 K and 100 Torr with a lifetime of ~150 µs (38). The short lifetime of 2-oxooxirane 
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and the data available on α–lactones in general argue against HMML as a major source of 
SOA. Under atmospheric conditions, thermalized HOMPAN will react with O2 forming the 
associated peroxy radical that will undergo further reactions. Additional studies are needed to 
determine whether these products contribute to SOA formation. 
Atmospheric Relevance and Abundance of MAE. The sampling apparatus used for 
detection of MAE in the smog chamber photooxidation of MACR was assembled outdoors in 
Chapel Hill, NC, during summer 2012. The EIC at m/z 101 from UPLC/ESI-HR-Q-TOFMS 
analysis of the field sample in Figure 3-2C shows a peak with a retention time and accurate 
mass identical to that obtained from the MACR photooxidation under high-NOx conditions 
(Figure 3-2A) and the MAE standard (Figure 3-2B). Taken together with the EICs from the 
chamber studies, the field samples confirm the presence of MAE in the ambient urban 
atmosphere. The average daytime concentration of 0.34 µg m
-3
 (0.21–0.75 µg m-3, n=6) and 
nighttime concentration of 0.16 µg m
-3
 (0.07–0.34 µg m-3, n=6) for gas-phase atmospheric 
MAE is in accord with expectation for a photochemical oxidation pathway in an area of high 
isoprene emissions influenced by anthropogenic NOx, and is strong evidence that MAE is an 
important intermediate in the high-NOx photochemistry of isoprene. 
Figure S3-5 shows the diurnal profile of surface layer gaseous MAE from July 21 to 
August 20, 2006 predicted by CMAQ after incorporation of gas-phase MAE chemistry into 
the model. Concentrations of MAE are predicted to increase in the early morning and peak in 
the afternoon between 3 and 5 PM local time. The predicted concentrations of MAE vary 
significantly from day-to-day, with afternoon MAE concentrations ranging from 0.05 to 0.25 
μg m-3. Noteworthy is the consistency between the CMAQ predicted magnitude and diurnal 
variation in MAE concentration and field observations from 2012 (Table S3-2). 
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Figure 3-5 shows the estimated concentration of surface layer gaseous MAE over the 
continental U.S. predicted by CMAQ during one month (July 21 to August 20) in summer 
2006 at 12 km by 12 km horizontal resolution. The highest MAE concentrations reflect 
locations with high isoprene emissions, as well as significant anthropogenic activity that can 
provide NOx to convert isoprene to MPAN. Near Atlanta, GA, MAE concentrations average 
around 0.1 μg m-3 and can reach up to 0.6 μg m-3. Southern California and areas near St. 
Louis, MO, are also predicted to experience relatively high levels of MAE. In general, 
concentrations of MAE are predicted to average 0.06 to 0.1 μg m-3 across the southeast and 
near the Ohio River Valley. 
Uncertainty in predictions of isoprene emissions arise because of local meteorology as 
well as the modeling algorithm used to parameterize the emission process. CMAQ 
simulations in this study use BEIS emissions (39) which can be a factor of 2 lower than 
MEGAN (1) predictions (40). Thus, the gaseous MAE concentrations may be significantly 
higher than currently displayed in Figure 3-5. Furthermore, an aerosol uptake pathway for 
MAE has not yet been implemented in the model. Uptake to the aerosol phase could extend 
the lifetime of MAE by suppressing gas-phase reaction with OH. In addition, uncertainty in 
NOx predictions as a result of chemistry and emissions, reflected in a high bias in NO2 for 
urban areas and low bias in rural areas (41) as well as underestimated NO3 wet deposition (42) 
in CMAQ, could lead to differences between measured and observed MAE concentrations. 
Atmospheric Implications. The results presented here strongly support MAE as the 
precursor of 2-MG, the ubiquitous SOA tracer of both isoprene and MACR photooxidation 
under high-NOx conditions (10, 15). Reactive uptake of MAE by acidified sulfate seed 
aerosols and atmospheric aerosols (Figure 3-3) points to MAE as the major and heretofore-
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unidentified precursor to SOA derived from isoprene photooxidation in the presence of NOx. 
Furthermore, the distribution of the predicted mean gaseous MAE (Figure 3-5A) matches the 
spatial patterns of enhanced summertime aerosol optical thickness over the southeastern U.S. 
observed by Goldstein et al. (43) (see SI Text for spatial distribution of other isoprene-
derived high-NOx products), likely linking our observations with the dominant summertime 
regional aerosol and the importance of biogenic volatile organic compound-anthropogenic 
interactions in radiative forcing in climate models. Taken together with the recent detection 
of isoprene epoxydiols (IEPOX) under low-NO conditions (9-11), identification of MAE also 
implies epoxides derived from the oxidation of isoprene play a major role as SOA precursors. 
With respect to MAE, consistency between the predicted and chamber-based values for the 
yield of MAE as well as between observed ambient MAE levels and the CMAQ predictions 
are encouraging, and in accord with a contribution of MAE to secondary organic aerosol. 
However, additional work to develop a robust database of laboratory measurements of the 
OH + MPAN rate constant and product yields is needed to fully evaluate the proposed 
mechanism.  Further investigation of the heterogeneous chemistry of MAE is also needed to 
elucidate the complex gas-particle interactions necessary to understand the kinetics and 
chemical fate of MAE under different atmospheric conditions, such as aerosol composition, 
liquid water content, and aerosol acidity. 
3.4 Materials and Methods 
MACR/NOx Photooxidation Experiments. MACR/NOx photooxidation experiments were 
carried out in a fixed volume 120-m
3
 Teflon film environmental irradiation chamber, located 
on the roof of the UNC Gillings School of Global Public Health. Initial conditions for each 
experiment consisted of 1 ppmv MACR, 0.2 ppmv NO, and 0.4 ppmv NO2.  No seed aerosol 
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was injected into the chamber. All reactants were injected into the chamber before sunrise. 
Measurements from both gas and particle phases were taken periodically until sunset. 
Detailed operating conditions for chemical and physical monitoring of the chamber have 
been previously described (44). To detect gaseous MAE formation, chamber air was 
continuously drawn through two fritted-glass bubblers in series at a sampling flow rate of ~ 1 
L min
-1
. Bubbler samples were collected in ethyl acetate cooled in an ice bath. Teflon 
membrane filters (Pall Life Science, 47 mm diameter, 1.0-m pore size) were installed in 
front of the inlet to the glass bubblers to ensure collection of gas-phase MAE only. Bubbler 
samples were collected hourly throughout the course of experiments, and analyzed 
immediately by UPLC/ESI-HR-Q-TOFMS (Agilent 6500 Series) operated in the negative (–) 
ion mode. 50 µL aliquots from the bubbler samples were directly injected onto the 
UPLC/ESI-HR-Q-TOFMS without additional treatment, and quantified with an authentic 
MAE standard. Details of UPLC/(–)ESI-HR-TOFMS operating conditions and procedures 
are described elsewhere (21). The detection limit of MAE by UPLC/(–)ESI-HR-TOFMS was 
5 pg µL
-1
, based on signal-to-noise ratios > 3:1, and the uncertainty was ~3%.  
Reactive Uptake Studies Using MAE. Authentic MAE was synthesized according to 
procedures described in the SI Text and Figure S3-6. The synthetic standard was 
characterized by NMR and UPLC/(–)ESI-HR-Q-TOFMS for confirmation of structure and 
purity (Figure S3-7-S3-9). The purity of MAE was determined to be ~ 99%. Reactive uptake 
of MAE onto preexisting seed aerosols was examined in the UNC 10-m
3
 flexible Teflon 
indoor chamber. Details of this chamber have been described previously (11). A scanning 
electrical mobility sizing (SEMS) system (Brechtel Manufacturing Inc., Hayward, CA) 
equipped with a cylindrical-geometry differential mobility analyzer (DMA) and a mixing 
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condensation particle counter (MCPC) was used to measure aerosol size distributions. 
Experiments were conducted with 300 ppbv MAE to ensure collection of sufficient SOA 
mass for off-line chemical analysis of reaction products. Aerosol samples were collected on 
Teflon membrane filters (Pall Life Science, 47 mm diameter, 1.0-µm pore size) at a sampling 
flow rate of ~ 20 L min
-1
 for 2 h. For each experiment, two Teflon filters were stacked in the 
filter holder. Front filters were collected to examine particle-phase reaction products. The 
back filters served to correct for absorption of gaseous MAE; however, no gaseous MAE was 
found to absorb. All experiments were carried out under dark and dry conditions (RH < 5%) 
at constant temperature (20–25°C). Control experiments, including clean chamber, MAE 
only, and seed aerosol (acidic and neutral seed) only, were performed to rule out artifacts. 
Filters collected from these experiments revealed no MAE-derived SOA constituents.   
Theoretical Calculations. All GAUSSIAN 2009, NEB, DIMER and VARIFLEX 
calculations were run on an IBM iDataPlex cluster with six login nodes, with 160 compute 
nodes for running batch jobs, located in the National Computer Center on the U.S. EPA 
campus in Research Triangle Park, North Carolina. Each login node has two quad-core Intel 
Xeon x5550 processors and 48 GB of memory (6 GB/core), while each compute node has 
two quad-core Intel Xeon x5550 processors and either 32 GB or 48 GB of memory (4-6 
GB/core). The Intel Xeon x5550 processors operate at 2.66 GHz. Details of our VARIFLEX 
calculations are described in the SI Text. 
Ambient Gas and Fine Aerosol Collection and Analyses. Ambient gas samples were 
collected in Chapel Hill, NC, during summer 2012. The sampling site was located on the roof 
of the UNC Gillings School of Global Public Health building. Daytime (09:30-19:30, local 
time) and nighttime (20:30-06:30, local time) samples were collected. Samples were 
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collected and analyzed in the same manner as gaseous samples collected from outdoor smog 
chamber studies, and quantified with an authentic MAE standard by UPLC/(–)ESI-HR-
TOFMS. Archived ambient fine aerosol samples collected during the summer 2008 Mini-
Intensive Gas and Aerosol Study (AMIGAS) in Atlanta, GA, at the Jefferson Street (JST) site 
were also analyzed. A detailed description of the sampling site and collocated measurements 
is provided elsewhere (45). Aerosol sample analysis is described in the SI Text. 
Regional Chemical Transport Model Simulations. CMAQ Model v5.01 (46, 47) with the 
SAPRC07 chemical mechanism (48, 49) and isoprene updates (50) was further expanded to 
explicitly track peroxyacyl radicals from MACR oxidation, isoprene-derived MPAN, and 
later-generation MPAN oxidation products, including MAE and HMML to estimate ambient 
concentrations of MAE over the continental U. S. The yields and rate constant for the four 
MPAN product channels follow the yields estimated through computational chemistry in 
reaction [1].  See SI Text for additional documentation.  
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Figure 3-1. Proposed mechanism for SOA formation from isoprene photooxidation in the 
presence of NOx   
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Figure 3-2. Gaseous MAE detected by UPLC/(–)ESI-HR-Q-TOFMS from (A) an irradiated 
MACR/NOx outdoor smog chamber experiment, (B) authentic MAE standard, and (C) an 
ambient air sample collected from Chapel Hill, NC during summer 2012.  
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Figure 3-3. GC/EI-MS traces showing the presence of 2-MG in aerosol collected from an (A) 
isoprene/NOx photooxidation experiment, (B) MACR/NOx photooxidation experiment, (C) 
dark reactive uptake study of MAE, and (D) ambient PM2.5 sample from downtown Atlanta, 
GA.   
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Figure 3-4. Relative zpe corrected energies (green) and product yields (orange) for the 
reaction of MPAN with OH calculated at m062x/ maug-cc-pvtz level of theory. Results are 
shown for the adjusted value of -2.80 kcal mol-1 for the TS2 transition state energy. 
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Figure 3-5. July 21 to August 20, 2006 (A) mean and (B) maximum surface layer MAE 
concentration over the continental U.S. simulated by the updated CMAQ model.   
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3.5 Supporting Information 
Box model simulations. A gas-phase box model framework was designed to simulate two 
MACR outdoor chamber experiments (June 6, 2012 and July 15, 2012) using the MORPHO 
kinetics simulation package (51). Real-time measurements of temperature, dew point, and 
dilution factors were used for environmental condition inputs in the model. The wall model 
(i.e., the OH and HONO generation from the wall) was adjusted to fit the MACR degradation 
and O3 generation measurements in Figure S3-2a. The photolysis data were determined 
based upon previous measurements and calculations (52, 53). To be consistent with the 
CMAQ regional model, the SAPRC07 chemical mechanism (49) with updates from Xie et al. 
(50) was used in the modeling framework. To simulate MAE formation from MPAN, two 
modifications were made in addition to the original mechanism: 
[1] Formation of MAE from MPAN + OH: 
MPAN + OH  α×MAE                                     k= 3.0×10-11 cm3 molecule-1 sec-1 
[2] Gas-phase loss of MAE 
MAE + OH                                                       k = 1.0×10-12 cm3 molecule-1 sec-1 
The rate coefficients for MPAN + OH follow the calculation performed in this work and the 
MAE + OH rate is based upon structure activity relationships (54). The molar yield of MAE 
(α) is flexible and adjusted for model-measurement agreement, and thus, the observed molar 
yield of MAE is determined.  The best model-measurement agreement was determined based 
upon the standard deviation at the time when there was a data point: 
  √
 
 
 ∑        
 
   
 
 78 
 
In the above equation, xn represents the simulated MAE concentration at time n; cn represents 
the measured MAE concentration at time n. The smallest standard deviation (  value) 
suggests the best model fit. For example, the standard deviations for MAE yield of 17%, 18%, 
and 19% compared to the lower bound measurements are 1.55, 1.22, and 1.34 ppb, 
respectively. Hence, 18% was chosen as the lower bound MAE yield for the best model-
measurement agreement since it has the lowest standard deviation. 
The model results of July 15, 2012 are shown in Figure S3-2. Based upon the reasonable 
assumption (cited in the text) made above that 50-80% of nucleated particles are contributed 
by MAE, observed MAE (blue circles for the lower bound and red circles for the upper 
bound in Figure S3-2b is calculated as “measured gas-phase MAE + MAE in the measured 
particles”. The simulated MAE at a molar yield ranging between 18% (blue line) and 32% 
(red line) from MPAN agree with the observed MAE, in terms of both the mass 
concentration and time trace. Thus, observation-constrained MAE yield from MPAN + OH 
oxidation is in good agreement with the theoretical calculation. 
Additional uncertainties arising from the reaction rate coefficients should be noted. The 
MPAN + OH rate coefficient is estimated to range between 9.17×10
-12 
and 4.5×10
-11
 cm
3
 
molecule
-1
 s
-1
 based upon IUPAC evaluated gas kinetic data recommendations (55). We 
estimate the MAE + OH rate coefficient to range between 5.0×10
-13
 and 1.5×10
-12
 cm
3
 
molecule
-1
 s
-1
 due to uncertainties in applying the structure activity relationships for cyclic 
ethers, the inherent uncertainty in using these relationships for chemicals containing multiple 
functional groups, and the range of measured rates reported for methyl oxirane. Since the 
yield calculation was not highly sensitive to the overall rate constant for the generation of 
MAE, average values of the estimates of the rate constants for MPAN + OH and MAE + OH 
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were used in the box model to determine the range of MAE yield. The rate coefficients 
require further study, especially since the MPAN + OH reaction has only been examined in a 
limited number of studies. Future work is also warranted to examine the MAE + OH rate 
coefficient. However, based on the rate coefficients we used for MPAN + OH and MAE + 
OH, the former reaction is 30 times faster than the latter. As a result, the MAE + OH reaction 
likely does not contribute significantly to uncertainty in our MAE yield estimates.     
Synthesis of MAE.  Benzyl methacrylate (1.69 g, 9.6 mmol) was mixed with mCPBA (3.0 g, 
77%, 13.4 mmol) in dichloromethane (DCM; 20 mL) and the mixture was refluxed until TLC 
indicated complete transformation of starting material. The spent oxidant (m-chlorobenzoic 
acid) was filtered off and the filtrate was diluted with DCM (20 mL), washed with saturated 
aqueous Na2S2O3, saturated Na2CO3 and brine successively and then dried over Na2SO4. The 
mixture was filtered and DCM was removed under reduced pressure. The residue was 
purified by chromatography (SiO2, hexane/ethyl acetate, 20/1) to afford the product benzyl 2-
methyloxirane-2-carboxylate (1.54 g. 84%).
1
H NMR (CDCl3, 400 MHz) 7.31-7.37 (m, 5H, 
Ar-H), 5.20 (ABq, J = 27.3 Hz, J = 12.7 Hz, 2H, CH2Ar), 3.13 (d, J = 6.0 Hz, 1H, oxiranyl-
H), 2.77(d, J = 6.0 Hz, 1H, oxiranyl-H), 1.60 (s, 3H, CH3) ppm. 
13
C NMR (CDCl3, 100 MHz) 
175.7, 53.9, 53.5, 17.1 ppm. 
The benzyl 2-methyloxirane-2-carboxylate from previous step (0.78 g, 0.5 mmol) was 
mixed with PdO (220 mg) in ethyl acetate (10 mL) and hydrogenated under atmospheric 
pressure for 3 h. The mixture was filtered and the solvent removed under reduced pressure to 
yield MAE (0.34 g, 82 %). 
1
H NMR (CDCl3, 400 MHz) 3.15 (d, J = 5.5 Hz, 1H, oxiranyl-H), 
2.86 (d, J = 5.5 Hz, 1H, oxiranyl-H), 1.62 (s, 3H, CH3) ppm. 
13
CNMR (CDCl3, 100 MHz) 
170.8, 135.5, 128.8, 128.6, 128.4, 67.4, 54.0, 53.2, 17.6 ppm.  
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Aerosol-Phase Chemical Analysis. Filters collected from the chamber experiments and field 
studies were extracted with 20 mL methanol (LC-MS CHROMASOLV-grade, Sigma-
Aldrich) by sonication for 45 min and analyzed by gas chromatography/electron impact mass 
spectrometry (GC/EI-MS) within 24 h after extraction. Sample extracts were filtered through 
0.2-µm PTFE syringe filters (Pall Life Science, Acrodisc®) to remove suspended filter fibers 
and insoluble particles. Filter extracts were then blown to dryness with a gentle N2 stream at 
room temperature and trimethylsilylated by reacting with 100 µL of BSTFA + TMCS (99:1 
(v/v), Supelco) in 50 µL of anhydrous pyridine (99.8%, Sigma-Aldrich). The derivatization 
mixture was heated at 70°C for 1 h. Analysis was performed on an HP 5890 Series II Gas 
Chromatograph interfaced to an HP 5971A Mass Selective Detector. An Econo-Cap™-
EC™-5 Capillary Column (30 m × 0.25 mm i.d.; 0.25 µm film thickness) was used to 
separate the trimethylsilyl (TMS) derivatives before MS detection. 1 µL of each derivatized 
sample was injected onto the GC column. The detailed operating conditions and temperature 
program of the GC/EI-MS procedure have been described previously by Surratt et al. (10).  
MAE-derived SOA was also analyzed by UPLC/(–)ESI-HR-Q-TOFMS, as described in 
detail elsewhere (21). Briefly, a Waters ACQUITY UPLC HSS T3 column (2.1 × 100 mm, 
1.8 µm particle size) was used for chromatographic separations. Teflon filters were extracted 
in the same manner as those for GC/EI-MS analysis. After the filter extracts were blown dry, 
the residues were reconstituted with 150 µL of a 50:50 (v/v) solvent mixture of 0.1% acetic 
acid in methanol (LC-MS CHROMASOLV-grade, Sigma-Aldrich) and 0.1% acetic acid in 
water (LC-MS CHROMASOLV-grade, Sigma-Aldrich). 5 µL of each sample was injected 
onto the LC column eluted with a solvent mixture of the same composition.  
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Computational Chemistry Calculations. Input for VARIFLEX was (i) the structures, 
vibrational frequencies and energies of the reactants and the tight transition states, (ii) the 
fitted Morse parameters for the barrierless potential energy curve, and (iii) the average 
energy transfer parameter and the Lennard–Jones parameters, to compute the total rate 
constant for the OH + MPAN reaction and its product yields. VARIFLEX is a widely used 
chemical kinetics code, developed by Klippenstein, Miller and co-workers at Argonne 
National Laboratory, that employs RRKM theory to compute microcanonical rate constants 
for reactions with barriers and variational transition state theory for barrierless reactions. 
Solutions to the time-dependent, multiple-well, master chemical equation in VARIFLEX are 
then employed to predict thermal rate constants and product yields as a function of 
temperature and pressure. In the VARIFLEX calculation the collisional energy transfer in the 
chemical master equation was represented by a simple exponential down model, where the 
average downward energy transfer parameter <ΔEd> was set equal to 100 cm
-1
 for HO--
MPAN, HOMPAN, MAE--NO3 and HMML--NO3. The Lennard-Jones parameters for the 
collisions between the bath gas N2 and these four structures were  d = 3.80 Å and εB = 71.4 
 K for N2 and for C3H7OH, which served as a model for each of the structures,  d = 4.55 Å 
and εB = 576.7  K.  The MAE yield for the unadjusted calculated rate constant was 0.25, 
while the value for the rate constant after the transition state energy was decreased -1.0 kcal 
mol
-1 
was 0.21. Our results show the product yields were not significantly affected by this 
change.    
Modifications to CMAQ Chemical Mechanism. Recent knowledge of isoprene chemistry 
such as formation of dihydroxyepoxides (IEPOX) (9) and role of isoprene nitrates in NOx 
recycling have been incorporated into CMAQ v5.01 with SAPRC07TC chemistry (48, 49) by 
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Xie et al. (50). For this work, peroxyacyl radicals formed from reaction of methacrolein with 
NO3, Cl, and OH as well as methacrolein photolysis (48, 56) are explicitly identified in the 
chemical mechanism and further react with HO2 to produce MPAA and with NO2 to produce 
MPAN. To distinguish the methacrolein-derived MPAN from other MPAN analoques 
(referred to collectively as MAPAN in SAPRC07), a new species, IMAPAN, that represents 
MPAN from methacrolein only is added to the mechanism (see Table S3-5). MPAA reaction 
with OH is assumed to produce HMML with a 17% yield (20) and reaction of IMAPAN with 
OH produces an HO-MPAN adduct, MAE, HMML, and hydroxyacetone. Computational 
chemistry indicates the yield of these four products is very sensitive to the exact barrier 
energies but MAE and HMML are both expected to form in significant amounts and are 
consistent with laboratory chamber experiments quantifying the yield of MAE from MPAN 
in this work. The HOMPAN adduct is represented by its expected decomposition product: a 
PAN-like species. MAE and HMML are removed from the model by wet deposition, dry 
deposition, reaction with OH, or transport out of the domain. OH reaction rates are based on 
structure-reactivity relationships (54) while deposition parameters are the same for both 
species. Specific modifications to the chemical mechanism (50) are detailed below in Tables 
S3-4-S3-6. For a complete list of species names and documentation for SAPRC07, see the 
work of Carter et al. (48). 
Additional CMAQ Simulation Documentation. CMAQ simulations were run on a 12 km 
by 12 km horizontal resolution grid over the continental U.S. (see Figure 3-5) with 35 
vertical layers based on WRF v3.3 meteorology as processed by MCIP v4.0 (57). 
Simulations were run for July 15-August 20, 2006 (initial conditions for July 14 came from a 
well-initialized simulation without MAE and HMML chemistry) with the first 5 days 
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discarded as initialization. Boundary conditions for these simulations were mapped from 
GEOS-Chem (58). Simulations were conducted on computational resources at the EPA 
Atmospheric Modeling and Analysis Division in Research Triangle Park, North Carolina 
using 12 nodes, each with 8 cores. 
Emissions in CMAQ include natural (lightning NOx, windblown dust, biogenic 
hydrocarbons, and sea salt) as well as anthropogenic species. Anthropogenic emissions are 
based on the EPA 2005 National Emission Inventory (NEI) with source specific data for 
2006 when available and were processed by SMOKE (www.smoke-model.org) with 
appropriate speciation profiles (59).  Isoprene emissions are predicted inline in CMAQ by 
BEIS algorithms (39). 
Spatial Distributions of Isoprene-Derived High-NOx Oxidation Products. Not all 
isoprene high-NOx oxidation products exhibit the same spatial pattern, particularly for 
isoprene high-NOx oxidation products of different generations. Figure S3-10 shows the 
spatial distribution of four species resulting from isoprene RO2 + NO chemistry averaged 
over the same time period as Figure 3-5 in the main text. MACR (Figure S3-10a), being a 
first generation product, is closely tied to the locations where isoprene concentration is 
relatively high. MACR oxidation followed by reaction with NO2 or HO2 can lead to MPAN 
(Figure S3-10b) or methacrylicperoxy acid (MPAA, Figure S3-10c), respectively. Although 
both MPAN and MPAA are second-generation oxidation products formed from isoprene-
derived RO2 radicals + NO, their spatial patterns are quite different. MAE concentrations are 
shown in the final panel (Figure S3-10d). The proposal that MAE forms from MPAN 
requires that the reaction of OH with MPAN compete with thermal dissociation (favoring 
higher MAE concentrations where temperatures are lower). MAE also has a longer lifetime 
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against OH than MACR or MPAN, which leads to a more regionally distributed 
concentration. Elevated MAE concentrations extend further North and over a broader area 
than MPAN or MACR concentrations providing evidence that MAE distribution is consistent 
with the difference in summer and winter aerosol optical thickness in Figure 1B in Goldstein 
et al. (43). Note that the process by which MAE is converted from a gas to an aerosol could 
further alter the spatial distribution of the aerosol optical thickness, and distinguishing the 
relative roles of different MPAN+OH (same generation) products based solely on spatial 
distribution may be difficult unless they have very different lifetimes or removal processes.   
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Table S3-1. Main SOA constituents identified by UPLC/ESI-HR-Q-TOFMS in MACR/ NOx 
photooxidation experiments 
Oligoester 
Series 
[M-H]
−
 
Measured 
Mass 
Suggested Formula Diff (mDa) 
# of MAE 
monomer units 
1 
119 119.03498 C4H7O4
−
 0.18 1 
221 221.06668 C8H13O7
−
 0.34 2 
323 323.09837 C12H19O10
−
 0.14 3 
425 425.10036 C16H25O13
−
 -0.13 4 
527 527.16176 C20H32O16
−
 -0.02 5 
629 629.19276 C24H37O19
−
 0.70 6 
2 
164 164.02006 C4H6NO6
−
 -0.17 1 
266 266.05175 C8H12NO9
−
 0.30 2 
368 368.08345 C12H18NO12
−
 0.08 3 
470 470.11514 C16H24NO15
−
 -0.19 4 
572 572.14684 C20H30NO18
−
 -0.47 5 
3 
147 147.02990 C5H7O5
−
 0.34 1 
249 249.06159 C9H13O8
−
 0.62 2 
351 351.09329 C13H19O11
−
 0.37 3 
453 453.12498 C17H25O14
−
 0.04 4 
555 555.15667 C21H31O17
−
 -0.08 5 
4 
161 161.04555 C6H9O5
−
 0.50 1 
263 263.07724 C10H15O8
−
 0.30 2 
365 365.10894 C14H21O11
−
 -0.18 3 
467 467.14063 C18H27O14
−
 -0.51 4 
569 569.17232 C22H34O17
−
 0.63 5 
Oligoester series 1: H2O involved in oligoesters formation 
Oligoester series 2: HNO3 involved in oligoesters formation 
Oligoester series 3: HCOOH involved in oligoesters formation 
Oligoester series 4: CH3COOH involved in oligoesters formation  
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Table S3-2. Summary of experimental conditions for indoor chamber dark reactive uptake 
experiments 
exp. # date precursor mixing ratio (ppbv) seed aerosol 
MAE injected 
(µg m
-3
) 
SOA formed*  
(µg m
-3
) 
1 10/30/2011 MAE 300 none 1110 0 
2 11/18/2011 MAE 300 acidic 1100 14.0 
3 11//21/2011 MAE 300 acidic 1181 16.6 
4 1/26/2012 MAE 300 acidic 1151 16.3 
5 11/14/2011 MAE 300 neutral  1160 0 
6 11/16/2011 MAE 300 neutral  1271 0 
*Assuming a density of 1.35 g cm
-3
 for isoprene high-NOx SOA (7).   
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Table S3-3. Summary of field measurements taken in Chapel Hill, NC to detect gaseous 
MAE 
Date Start time End time 
Day or 
Night 
Sampling Flow 
Rate (LPM) 
Sampling 
Volume (m
3
) 
MAE detected 
(μg/m3) 
7/18/2012 9:30 19:30 Day 1.30 0.78 0.75 
7/18/2012 20:30 6:30 Night 1.30 0.78 0.34 
7/30/2012 13:00 19:30 Day 1.21 0.47 0.24 
7/30/2012 20:30 6:30 Night 1.21 0.73 0.12 
7/31/2012 9:30 19:30 Day 1.24 0.74 0.27 
7/31/2012 20:30 6:30 Night 1.29 0.77 0.14 
8/1/2012 9:30 19:30 Day 1.25 0.75 0.31 
8/1/2012 20:30 6:30 Night 1.29 0.77 0.14 
8/2/2012 9:30 19:30 Day 1.29 0.77 0.27 
8/2/2012 20:30 6:30 Night 1.27 0.76 0.13 
8/3/2012 9:30 19:30 Day 1.29 0.77 0.21 
8/3/2012 20:30 6:30 Night 1.33 0.80 0.07 
  
 88 
 
Table S3-4. Species added to CMAQ simulations 
Species Description 
Molecular 
weight (g/mol) 
Dry Deposition 
Surrogate 
Wet Deposition 
Surrogate 
Transport? 
IMACO3 peroxyacyl radicals formed from 
methacrolein  
101.08 NA NA no 
IMPAA methacrylicperoxy acid 102.08 PAA Peroxyacetic acid yes 
IMAPAN methacryloyl peroxy nitrate  147.09 PAN MPAN yes 
IMAE methacrylic acid epoxide 102.00 ORA Propanoic acid yes 
IHMML hydroxymethyl-methyl- -lactone 102.00 ORA  Propanoic acid yes 
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Table S3-5. Reactions removed from CMAQ simulations 
Label Reaction Rate Constanta Original Implementation 
BP56 MACR + NO3 = 0.5*MACO3 + 0.5*RO2C + 0.5*HNO3 + 0.5*xHO2 + 
0.5*xCO + 0.5*yROOH + 1.5*XC + 0.5*XN  
# 1.50e-12@1815; Base SAPRC07TC  (48, 
49) 
BP58 MACR = 0.33*OH + 0.67*HO2 + 0.34*MECO3 + 0.33*MACO3 + 
0.33*RO2C + 0.67*CO + 0.34*HCHO + 0.33*xMECO3 + 0.33*xHCHO 
+ 0.33*yROOH   
Photolysis  Base SAPRC07TC  (48, 
49) 
CP16 MACR + CL = 0.25*HCL + 0.165*MACO3 + 0.802*RO2C + 
0.033*RO2XC + 0.033*zRNO3 + 0.802*xHO2 + 0.541*xCO + 
0.082*xIPRD + 0.18*xCLCCHO + 0.541*xCLACET + 0.835*yROOH + 
0.208*XC; 
# 3.85e-10 Base SAPRC07TC  (17, 
18) 
IS00 MACR + OH = 0.47*MACROO + 0.53*MACO3  # 8.00e-12@-380 Updated isoprene (50) 
 
a Rate constant k(T) = A · (T/300)^B · exp(-Ea/RT); formatted as #A^B@Ea/R  
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Table S3- 6. Reactions added to CMAQ simulations 
 
Label Reaction Rate Constanta Notes 
IMACO3 Production 
BP56 MACR + NO3 = 0.5*IMACO3 + 0.5*RO2C + 0.5*HNO3 + 
0.5*xHO2 + 0.5*xCO + 0.5*yROOH + 1.5*XC + 0.5*XN  
# 1.50e-12@1815; Generic MACO3 replaced with specific 
IMACO3 
BP58 MACR = 0.33*OH + 0.67*HO2 + 0.34*MECO3 + 
0.33*IMACO3 + 0.33*RO2C + 0.67*CO + 0.34*HCHO + 
0.33*xMECO3 + 0.33*xHCHO + 0.33*yROOH 
Photolysis  Generic MACO3 replaced with specific 
IMACO3 
CP16 MACR + CL = 0.25*HCL + 0.165*IMACO3 + 0.802*RO2C + 
0.033*RO2XC + 0.033*zRNO3 + 0.802*xHO2 + 0.541*xCO + 
0.082*xIPRD + 0.18*xCLCCHO + 0.541*xCLACET + 
0.835*yROOH + 0.208*XC  
# 3.85e-10; Generic MACO3 replaced with specific 
IMACO3 
IS00 MACR + OH = 0.47*MACROO + 0.53*IMACO3  # 8.00e-12@-380; Generic MACO3 replaced with specific 
IMACO3 
MAPAN Reactions 
IA51 IMACO3 + NO2 = IMAPAN  # 1.21e-11^-
1.07@0; 
MAPAN formation, rate constant based 
on peroxypropionyl nitrate 
IA52 IMAPAN = IMACO3 + NO2  #1.60e+16@13486; MAPAN decomposition 
IA53 IMAPAN = 0.6*IMACO3 + 0.6*NO2 + 0.4*CO2 + 0.4*HCHO 
+ 0.4*MECO3 + 0.4*NO3  
Photolysis  MAPAN photolysis 
IA108 IMAPAN + OH = 0.03*HACET + 0.03*CO + 0.81*NO3 + 
0.21*IMAE + 0.57*IHMML + 0.19*PAN + 0.19*HCHO + 
0.19*HO2 
3.00e-11  
cm3 molecule-1 s-1 
Four product channels (HOMAPAN, 
MAE, HMML, HACET) with yields 
based on computational chemistry  
(19%, 21%, 57%, 3%). For the 
HOMPAN channel, assume the 
hydroxyperoxy radical formed from 
OH addition to MAPAN reacts with 
NO and forms a carbonyl 
peroxyacylnitrate along with HCHO 
and HO2. Given that the 
peroxyacylnitrate would thermally 
decompose to a product similar to PAN 
photolysis products (60) represent the 
carbonylperoxyacylnitrate as PAN. The 
rate constant is modified from its 
original value of 2.9e-11 to 3.0e-11 
according to computational chemistry 
(this work) 
Additional MAE and HMML Reactions 
IA90 IMAE + OH =   1.E-12  
cm3 molecule-1 s-1 
Rate from structure reactivity 
relationships (54) 
IA91 IHMML + OH =  4.4E-12  
cm3 molecule-1 s-1 
Rate from structure reactivity 
relationships (54) 
IA70 IMACO3 + HO2 = 0.75*IMPAA + 0.25*RCOOH + 0.25*O3 + 
XC  
# 1.0*K<BR22>; 
# 5.20e-13@-980; 
                                                       
Replace generic hydroperoxide 
(RCOOOH) from MACO3 with MPAA 
from IMACO3  
IA92 IMPAA + OH = 0.83*IMACO3 + 0.17*IHMML  1.66E-11  
cm3 molecule-1 s-1 
Rate from MCM (species MACO3H) 
and yield of HMML from (20) 
Other IMACO3 Reactions 
IA69 IMACO3 + NO = NO2 + CO + CO2 + HCHO + MEO2  # 6.70e-12@-340;    following MACO3 
IA71 IMACO3 + NO3 = NO2 + CO + CO2 + HCHO + MEO2  # 4.00e-12; following MACO3 
IA72 IMACO3 + MEO2 = HCHO + HO2 + CO + CO2 + HCHO + 
MEO2  
# 1.0*K<BR24>; following MACO3 
IA73 IMACO3 + RO2C = CO + CO2 + HCHO + MEO2  # 1.0*K<BR25>; following MACO3 
IA74 IMACO3 + RO2XC = CO + CO2 + HCHO + MEO2  # 1.0*K<BR25>; following MACO3 
IA75 IMACO3 + MECO3 = CO2 + MEO2 + CO + CO2 + HCHO + 
MEO2  
# 1.0*K<BR27>; following MACO3 
IA76 IMACO3 + RCO3 = CO +CO2 + HCHO + MEO2 + RO2C + 
xHO2 + yROOH + xCCHO + CO2 
# 1.0*K<BR27>; following MACO3 
IA77 IMACO3 + BZCO3 = CO + CO2 + HCHO + MEO2 + BZO + 
RO2C + CO2  
# 1.0*K<BR27>; following MACO3 
IA78 IMACO3 + MACO3 = 2*CO + 2*CO2 + 2*HCHO + 2*MEO2  # 1.0*K<BR27>; following MACO3 
 91 
 
IA79 IMACO3 + IMACO3 = 2*CO + 2*CO2 + 2*HCHO + 2*MEO2  # 1.0*K<BR27>; following MACO3 
IC01 xCO + IMACO3 = IMACO3 + CO  # 1.0*K<BR25>; following MACO3 
IC02 xTBUO + IMACO3 = IMACO3 + TBUO  # 1.0*K<BR25>; following MACO3 
IC03 xMACO3 + IMACO3 = IMACO3 + MACO3  # 1.0*K<BR25>; following MACO3 
IC04 xRCO3 + IMACO3 = IMACO3 + RCO3  # 1.0*K<BR25>; following MACO3 
IC05 xMECO3 + IMACO3 = IMACO3 + MECO3  # 1.0*K<BR25>; following MACO3 
IC06 xMEO2 + IMACO3 = IMACO3 + MEO2  # 1.0*K<BR25>; following MACO3 
IC07 xNO2 + IMACO3 = IMACO3 + NO2  # 1.0*K<BR25>; following MACO3 
IC08 xOH + IMACO3 = IMACO3 + OH  # 1.0*K<BR25>; following MACO3 
IC09 xHO2 + IMACO3 = IMACO3 + HO2  # 1.0*K<BR25>; following MACO3 
IC10 xACROLEIN + IMACO3 = IMACO3 + ACROLEIN  # 1.0*K<BR25>; following MACO3 
IC11 xHOCCHO + IMACO3 = IMACO3 + HOCCHO  # 1.0*K<BR25>; following MACO3 
IC12 zRNO3 + IMACO3 = IMACO3 + PRD2 + HO2  # 1.0*K<BR25>; following MACO3 
IC13 yRAOOH + IMACO3 = IMACO3  # 1.0*K<BR25>; following MACO3 
IC14 yR6OOH + IMACO3 = IMACO3  # 1.0*K<BR25>; following MACO3 
IC15 yROOH + IMACO3 = IMACO3  # 1.0*K<BR25>; following MACO3 
IC16 xRNO3 + IMACO3 = IMACO3 + RNO3  # 1.0*K<BR25>; following MACO3 
IC17 xIPRD + IMACO3 = IMACO3 + IPRD  # 1.0*K<BR25>; following MACO3 
IC18 xMVK + IMACO3 = IMACO3 + MVK  # 1.0*K<BR25>; following MACO3 
IC19 xMACR + IMACO3 = IMACO3 + MACR  # 1.0*K<BR25>; following MACO3 
IC20 xAFG3 + IMACO3 = IMACO3 + AFG3  # 1.0*K<BR25>; following MACO3 
IC21 xAFG2 + IMACO3 = IMACO3 + AFG2  # 1.0*K<BR25>; following MACO3 
IC22 xAFG1 + IMACO3 = IMACO3 + AFG1  # 1.0*K<BR25>; following MACO3 
IC23 xBALD + IMACO3 = IMACO3 + BALD  # 1.0*K<BR25>; following MACO3 
IC24 xBACL + IMACO3 = IMACO3 + BACL  # 1.0*K<BR25>; following MACO3 
IC25 xMGLY + IMACO3 = IMACO3 + MGLY  # 1.0*K<BR25>; following MACO3 
IC26 xGLY + IMACO3 = IMACO3 + GLY  # 1.0*K<BR25>; following MACO3 
IC27 xPROD2 + IMACO3 = IMACO3 + PRD2  # 1.0*K<BR25>; following MACO3 
IC28 xMEK + IMACO3 = IMACO3 + MEK  # 1.0*K<BR25>; following MACO3 
IC29 xACETONE + IMACO3 = IMACO3 + ACETONE  # 1.0*K<BR25>; following MACO3 
IC30 xRCHO + IMACO3 = IMACO3 + RCHO  # 1.0*K<BR25>; following MACO3 
IC31 xCCHO + IMACO3 = IMACO3 + CCHO  # 1.0*K<BR25>; following MACO3 
IC32 xHCHO + IMACO3 = IMACO3 + HCHO  # 1.0*K<BR25>; following MACO3 
IC33 xCL + IMACO3 = IMACO3 + CL  # 1.0*K<BR25>; following MACO3 
IC34 xCLACET + IMACO3 = IMACO3 + CLACET  # 1.0*K<BR25>; following MACO3 
IC35 xCLCCHO + IMACO3 = IMACO3 + CLCCHO  # 1.0*K<BR25>; following MACO3 
 
a Rate constant k(T) = A · (T/300)^B · exp(-Ea/RT); formatted as #A^B@Ea/R, some reactions use existing SAPRC07 Rate constants (e.g. 
<BR25>)  
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Figure S3-1. (a) Experimental time profile of formation of MAE in the gase phase and 
subsequent particle nucleation from MACR photooxidation in the presence of NOx. Particle 
data are corrected for wall losses. Near maximum MAE detection, particle nucleation and 
growth begins, indicating the role of MAE in forming SOA.  (b) MACR photooxidation 
experiment in the presence of NOx: 1 ppmv MACR was injected into the outdoor smog 
chamber before sunrise, and completely reacted in the course of experiments when MAE 
reached the peak concentration. 
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Figure S3-2. Simulation results of the box model (time-concentration profiles) for the 
MACR outdoor chamber experiment carried out on July 15, 2012. Panel (a) compares the 
model results of O3 (blue), NOx (NO+NO2) (pink and yellow, respectively), and MACR (red) 
with the measurements. The O3, NO, and MACR comparisons are in good agreement. The 
NO2 model does not agree with the measurement because the NOx instrument measures 
PANs and some organic nitrates as NO2. Panel (b) shows the comparison between measured 
MAE (circles) and simulated MAE (lines) at both the lower bound (assuming MAE 
contributes 50% of measured particle mass, shown in blue) and the upper bound (assuming 
MAE contributes 80% of measured particle mass, shown in red). Two mass yields of MAE 
from MPAN + OH oxidation were applied to this model (18% and 32%, respectively) and the 
results were comparable to the measurements.  
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Figure S3-3. Dark reactive uptake of synthetic MAE onto acidified and neutral sulfate seed 
aerosols. Prior to the start of each experiment, the chamber was flushed with clean house air 
for over 24 h to replace at least five chamber volumes. Chamber-background aerosol 
concentrations were monitored before all the experiments to ensure no pre-existing aerosols 
were present. Acidic and neutral sulfate seed aerosols were introduced into the chamber by 
atomizing solutions of 0.06 M MgSO4 + 0.06 M H2SO4 (aq) or 0.06 M (NH4)2SO4 (aq), 
respectively. Precleaned microliter glass syringes were used to inject known amounts of 
MAE into a 10 mL glass manifold. The manifold was wrapped with calibrated heating tapes 
and heated to 60°C. Gas-phase MAE was introduced into the chamber by flowing heated N2 
(g) (~60°C) through the manifold at a flow rate of 2 L min
-1
 for 2 h. Reactive uptake of MAE 
is only observed in the presence of acidified sulfate seed aerosol.   
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Figure S3-4. MAE-derived organosulfate (C4H8O7S) from (a) isoprene/NOx photooxidation 
experiments, (b) MACR/NOx photooxidation experiments, (c) dark reactive uptake studies of 
MAE, and (d) ambient fine aerosol samples. The field sample shown here was collected from 
Jefferson Street in downtown Atlanta, GA, on August 9, 2008.  
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Figure S3-5. CMAQ predicted hourly average concentration of MAE in Chapel Hill, North 
Carolina (-79.07 longitude, 35.94 latitude) plotted as a function of time of day. Boxplots 
indicate the minimum, 25th percentile, median, 75th percentile, maximum hourly average 
concentrations for July 21 to August 20, 2006 by hour.  
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Figure S3-6. Synthetic scheme for MAE.  
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Figure S3-7. (a) 
1
H and (b)
 13
C NMR spectra of benzyl 2-methyloxirane-2-carboxylate.  
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Figure S3-8. (a) 
1
H and (b) 
13
C NMR spectra of synthetic MAE. 
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Figure S3-9. Characterization of synthetic MAE standard by UPLC/ESI-HR-Q-TOFMS 
operated in negative ion mode. (a) Total ion chromatogram (TIC) of synthetic MAE. (b) 
Extracted ion chromatogram (EIC) of m/z 101, which corresponds to deprotonated MAE.  (c) 
Accurate mass measurement of synthetic MAE supports elemental composition (C4H5O3
–
) 
and identity of standard. 
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Figure S3-10. Spatial distribution of isoprene oxidation products from CMAQ model runs, 
which includes:  (a) MACR; (b) MPAN; (c) MPAA; (d) MAE.  
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Chapter IV 
 
Investigating the Influences of SO2 and NH3 Levels on Isoprene-Derived 
Secondary Organic Aerosol Formation Using Conditional Sampling 
Approaches 
3
 
 
4.1 Overview 
Filter-based PM2.5 samples were chemically analyzed to investigate secondary organic 
aerosol (SOA) formation from isoprene in a rural atmosphere of the southeastern U.S. 
influenced by both anthropogenic sulfur dioxide (SO2) and ammonia (NH3) emissions. 
Daytime PM2.5 samples were collected during summer 2010 using conditional sampling 
approaches based on pre-defined high and low SO2 or NH3 thresholds. Known molecular-
level tracers for isoprene SOA formation, including 2-methylglyceric acid, 3-
methyltetrahydrofuran-3,4-diols, 2-methyltetrols, C5-alkene triols, dimers, and organosulfate 
derivatives, were identified and quantified by gas chromatography coupled to electron 
ionization mass spectrometry (GC/EI-MS) and ultra performance liquid chromatography 
coupled to electrospray ionization high-resolution quadrupole time-of-flight mass 
spectrometry (UPLC/ESI-HR-Q-TOFMS). Mass concentrations of six isoprene low-NOx 
SOA tracers contributed to 12-19% of total organic matter (OM) in PM2.5 samples collected 
during the sampling period, indicating the importance of the hydroxyl radical (OH)-initiated 
oxidation (so-called photooxidation) of isoprene under low-NOx conditions that leads to SOA 
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formation through reactive uptake of gaseous isoprene epoxydiols (IEPOX) in this region. 
IEPOX-derived SOA tracers were enhanced under high-SO2 sampling scenarios, suggesting that 
SO2 oxidation increases aerosol acidity of sulfate aerosols needed for enhancing heterogeneous 
oxirane ring-opening reactions of IEPOX. No clear associations between isoprene SOA 
formation and high and low NH3 conditional samples were found. Furthermore, weak 
correlations between aerosol acidity and mass of IEPOX SOA tracers suggest that IEPOX-
derived SOA formation might be modulated by other factors as well in addition to aerosol acidity. 
Positive correlations between sulfate aerosol loadings and IEPOX-derived SOA tracers for 
samples collected under all conditions indicates that sulfate aerosol could be a surrogate for 
surface area in the uptake of IEPOX onto preexisting aerosols. 
4.2 Introduction 
Tropospheric fine aerosols (PM2.5, with aerodynamic diameter ≤ 2.5 μm) have been 
recognized to have significant influences on regional air quality, climate change, and human 
health (1, 2). Organic aerosol constituents that usually account for a large fraction (i.e., 20–90%) 
of the total PM2.5 mass are of particular concern, especially due to their high degree of chemical 
complexity that results in limited understanding of their sources, sinks, and chemical structure, 
thus yielding major uncertainties for air quality modeling and human health risk assessment. 
Secondary organic aerosol (SOA) that originates from the photochemical oxidation of 
biogenic volatile organic compounds (BVOCs) is thought to be the largest contributor to the 
global SOA burden, owing to their large emissions and efficient SOA formation processes (1, 3, 
4). The atmospheric significance of biogenic secondary organic aerosol (BSOA) has been 
inferred from recent remote sensing data over the southeastern United States that suggests 
BVOC emissions combine with anthropogenic pollutants (e.g., SO2, NOx, and primary OC 
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emissions) leading to substantial amounts of SOA observed in this region (5). The enhancement 
of SOA from BVOCs in this region highlights the need for further research aimed at 
understanding the attributable sources and detailed mechanisms leading to BSOA formation in 
order to develop effective control strategies. 
Recently, organosulfate formation was reported through reactive uptake of BVOC oxidation 
products onto acidified sulfate seed aerosols, providing a likely link between anthropogenic 
pollutants and the enhanced BSOA formation (6-9). Moreover, the effects of acid-catalyzed 
enhancement on BSOA formation have also been observed in several laboratory studies (10-13). 
In the presence of anthropogenic pollutants, such as nitric acid and sulfuric acid produced from 
the oxidation of NOx and SO2, SOA mass yields from isoprene under high- and low-NOx 
conditions, respectively, have been shown to increase substantially (i.e., from 1-3% to 3-30%) 
with preexisting acidified sulfate aerosols in the laboratory (14, 15). Figure 4-1 displays the NOx-
dependent isoprene SOA formation mechanisms. Under high-NOx conditions, isoprene SOA is 
enhanced with increasing NO2/NO ratios (14, 15). This enhancement is explained by the 
formation and subsequent photooxidation of methacryloylperoxynitrate (MPAN), which leads to 
2-methylglyceric acid (2-MG) formation and its corresponding oligoesters (15, 16). Notably, 2-
MG has been used as one of the isoprene SOA tracer compounds in the organic tracer-based 
source apportionment method developed by Kleindienst et al. (17) to estimate the contributions 
of BVOCs to SOA formation. On the other hand, under low-NOx (i.e., NO-limited) conditions, 
isoprene SOA has been observed to be enhanced in the presence of acidified sulfate seed 
aerosols (mass yield ~29%) over that in the presence of neutral seed aerosols (mass yield ~1%) 
(15). Increased uptake of gaseous isoprene epoxydiols (IEPOX) by enhanced particle-phase acid-
catalyzed oxirane ring-opening reaction rates has been proposed and demonstrated to explain this 
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enhancement (15, 18-20). Identification of known isoprene low-NOx SOA tracers through 
reactive uptake of IEPOX onto acidified sulfate seed aerosols also supports this hypothesis (15, 
20). Although clear evidence of acid-catalyzed enhancement for BSOA formation has been 
shown in laboratory studies, the importance of aerosol acidity on ambient BSOA formation 
remains unclear owing to the fact that acidified sulfate seed aerosols used in the laboratory 
studies were usually much more acidic than the acidity measured in ambient aerosols (21, 22). In 
addition, ambient aerosol acidity is also likely modulated by other environmental factors, such as 
the atmospheric alkaline species (e.g., NH3) that leads to the neutralization of acidic aerosols (23, 
24), but the uptake processes and the kinetics in the atmosphere have not been not fully 
elucidated (25-27). 
In the present study, PM2.5 samples were collected to investigate the effects of ambient 
aerosol acidity on BSOA formation in a rural atmosphere under the influences of anthropogenic 
SO2 and NH3 emissions. Filter samples were collected from Yorkville, GA, a rural site located 
within the Southeastern Aerosol Research and Characterization Study (SEARCH) network 
during the summer of 2010. This site is characterized by high isoprene emissions during 
summertime, and is influenced by SO2 point sources from local coal-fired power plants (28), as 
well as NH3 emissions from nearby poultry operations (21). Conditional sampling strategies 
were employed in this study to collect PM2.5 samples under pre-defined environmental thresholds 
(i.e., the mixing ratios of SO2 or NH3) to distinguish the influences of ambient SO2 and NH3 
levels on ambient aerosol acidity and BSOA formation. More specifically, known isoprene SOA 
tracers (which include organosulfate derivatives) were chemically characterized by UPLC/ESI-
HR-Q-TOFMS and GC/MS techniques to measure SOA constituents at the molecular level. The 
effects of acid enhancement on BSOA formation were examined by comparing paired samples 
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collected under high and low SO2 or NH3 scenarios. Even though some of these BSOA tracers 
have been previously characterized from PM2.5 samples collected from the SEARCH network in 
a time-integrated manner (8, 9, 29, 30), using conditional sampling approaches to collect PM2.5 in 
this study is to our knowledge one of the first attempts to systematically examine if BSOA 
formation is enhanced or suppressed due to anthropogenic emissions in this region. 
4.3 Experimental Section 
4.3.1 Collection of PM2.5 by conditional sampling 
PM2.5 samples were collected from Yorkville (YRK), GA, a rural site located ~55 km west 
northwest of Atlanta, GA, within the SEARCH network during summer 2010. The detailed site 
descriptions are provided in the SEARCH overview papers (31-33). In the present work, paired 
quartz filter samples were collected by conditional sampling approaches based on the measured 
SO2 or NH3 mixing ratios. Concentration thresholds were set to: (1) distinguish the influences of 
SO2 or NH3 levels on ambient aerosol acidity and isoprene SOA formation; (2) ensure that 
sufficient material was collected for chemical analysis; and (3) avoid motor burnout by 
activating the samplers too frequently. The pre-defined high and low SO2 or NH3 thresholds 
were determined by the review of historical ambient data at the sampling site. For SO2, data from 
June-August 2009 were analyzed and the thresholds were set to correspond to the lowest 40% 
and highest 40% of observed 1-minute concentrations. We focused on 2009 because installation 
of emission controls on nearby power plants caused concentrations subsequent to 2008 to be 
significantly lower than 2008 and before. For NH3, we analyzed the same months of data for 
three consecutive years (2007-2009) and set thresholds to correspond approximately to the 
lowest 20% and highest 40% of observed 1-minute values. 
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4.3.2 SO2 conditional sampling 
SO2 conditional samples were collected from June 25, 2010 until July 14, 2010 between 
09:00 and 18:59 local standard time. Two Tisch Environmental (Cleves, OH) Model TE-6070V-
2.5 high-volume PM2.5 air samplers were operated side-by-side to collect aerosol samples at a 
flow rate of 1 m
3
 min
-1
 during the day (09:00–18:59 local time). One high-volume PM2.5 sampler 
was designated as the high-SO2 sampler, which was only turned on to collect PM2.5 samples 
when the measured SO2 mixing ratio was ≥ 0.5 ppbv. The second high-volume PM2.5 sampler 
was only turned on to collect aerosol samples when the SO2 mixing ratio was  ≤  0.25 ppbv, and 
this sampler was designated as the low-SO2 sampler. SO2 was measured with 1-minute time 
resolution using a Thermo-Environmental (Franklin, MA) Model 43c pulsed fluorescence SO2 
analyzer. 
4.3.3 NH3 conditional sampling 
NH3 conditional samples were collected from July 29, 2010 until August 6, 2010. The same 
conditional sampling approaches described above were employed to collect PM2.5 samples based 
on the NH3 mixing ratios during the day (09:00–18:59 local time). High-NH3 sampler only 
collected PM2.5 samples when the NH3 mixing ratios were ≥ 2 ppbv, while low-NH3 sampler 
only collected aerosol samples when the NH3 mixing ratios were ≤ 1 ppbv. NH3 was measured 
with 1-minute time resolution via continuous denuder difference with a Thermo-Environmental 
Model 42c chemiluminescence NO-NOx analyzer. The NO-NOx analyzer was modified to 
measure NH3 as described in Saylor et al. (34).  
Available collocated measurements and meteorological data during the conditional sampling 
periods are summarized in Table 4-1. 
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4.3.4 Filter extractions and chemical analyses for isoprene SOA tracers  
Known isoprene SOA tracers, including 2-methyltetrols (35), C5-alkene triols (36), 3-
methyltetrahydrofuran-3,4-diols (3-MeTHF-3,4-diols) (20, 37), IEPOX-derived dimers (16), and 
2-MG (38) were characterized by GC/MS with prior trimethylsilylation using electron ionization 
(EI). A fraction of each 8 x 10-inch quartz filter (1/4) was extracted in pre-cleaned scintillation 
vials with 20-mL high-purity methanol (LC-MS CHROMASOLV-grade, Sigma-Aldrich) under 
45 min of sonication. The filter extracts were filtered through 0.2 µm PTFE syringe filters (Pall 
Life Science, Acrodisc®) to remove suspended quartz filter fibers and insoluble particles, and 
subsequently blown to dryness under a gentle N2 stream at room temperature. Residues of the 
filter extracts were immediately trimethylsilylated by reacting with 100 µL of BSTFA + TMCS 
(99:1 v/v, Supelco) and 50 µL of pyridine (anhydrous, 99.8%, Sigma-Aldrich) at 70°C for 1 h. 
The derivatized samples were analyzed by GC/MS within 24 h after trimethylsilylation. GC/MS 
analysis was performed using a Hewlett-Packard (HP) 5890 Series II Gas Chromatograph 
coupled to a HP 5971A Mass Selective Detector. An Econo-Cap™-EC™-5 Capillary Column 
(30 m × 0.25 mm i.d.; 0.25 µm film thickness) was used to separate the trimethylsilyl (TMS) 
derivatives before MS detection. 1 µL of each derivatized sample was injected onto the GC 
column. Operating conditions and the temperature program of the GC/MS procedure were as 
described previously by Surratt et al. (15). Isoprene SOA tracers were quantified with the 
following base peak ion fragments: m/z 219 for 2-methyltetrols, m/z 231 for C5-alkene triols, m/z 
262 for 3-MeTHF-3,4-diols, m/z 335 for dimers, and m/z 219 for 2-MG. Meso-erythritol (≥99%, 
Sigma), a structurally similar analog of 2-methyltetrols, was used as a surrogate standard to 
quantify 2-methyltetrols, C5-alkene triols, dimers, and 2-MG in the filter samples. The base ion 
fragment of m/z 217 was used for meso-erythritol for quantification. 3-MeTHF-3,4-diols were 
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quantified using synthesized authentic standards. The details of the synthesis procedures are 
reported in Zhang et al. (37). 
Characterization of organosulfate derivatives was performed using ultra performance liquid 
chromatography interfaced to a high-resolution quadrupole time-of-flight mass spectrometer 
(Agilent 6500 Series) equipped with an electrospray ionization source (UPLC/ESI-HR-Q-
TOFMS) operated in the negative (–) ion mode. A Waters ACQUITY UPLC HSS T3 column 
(2.1 × 100 mm, 1.8 µm particle size) was used for chromatographic separations. Detailed 
UPLC/(–)ESI-HR-Q-TOFMS operating conditions can be found in Zhang et al. (39). Quartz 
filter samples for UPLC/(–)ESI-HR-Q-TOFMS analyses were extracted in the same manner as 
those for GC/MS analyses. After the filter extracts were blown dry, the extract residues were 
reconstituted with 150 µL of a 50:50 (v/v) solvent mixture of methanol containing 0.1% acetic 
acid (LC-MS CHROMASOLV-grade, Sigma-Aldrich) and water containing 0.1% acetic acid 
(LC-MS CHROMASOLV-grade, Sigma-Aldrich). 5 µL of each sample was injected onto the 
UPLC column eluted with solvent of the same composition. Isoprene-derived organosulfate 
species reported previously by Surratt et al. (9) were identified and quantified. The elemental 
composition of target compounds was assigned based on accurate mass data. The errors of 
accurate mass fittings were within ± 1 mDa. Owing to the lack of authentic standards, sodium 
propyl sulfate (electronic grade, City Chemical LLC) was used to quantify all isoprene-derived 
organosulfates, since this surrogate standard eluted in the same region as these compounds. The 
detection limit of sodium propyl sulfate on UPLC/(–)ESI-HR-TOFMS was 0.01 ng µL-1, 
determined by signal-to-noise ratios of 3:1. 
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The efficiency of the extraction protocols was evaluated by spiking 5 replicates of pre-baked 
blank quartz filters with quantifying standards. Extraction efficiencies (62-82%) are taken into 
account for SOA constituents that were quantified in the field samples.  
4.3.5 Inorganic ion measurements  
Continuous sulfate (SO4
2–
), nitrate (NO3
–
), and ammonium (NH4
+
) measurements were made 
during the sampling periods at the site using continuous particle analyzers; detailed instrumental 
setup and operating conditions of these analyzers have been described elsewhere (33). Briefly, 
continuous SO4
2–
 measurements were made using a variation of the Harvard School of Public 
Health approach. A high temperature (>850 °C) stainless steel tube was used to reduce particle 
SO4
2–
 to SO2. Then SO2 was measured by a Thermo-Environmental Instruments Model 43s or 
43ctl high-sensitivity, pulsed ultraviolet fluorescence SO2 analyzer. Continuous NO3
–
 and NH4
+
 
measurements were made using a three-channel continuous differencing approach developed by 
ARA, Inc. Air samples were drawn through the inlet and series of denuders coated with sodium 
carbonate and citric acid followed by an activated carbon honeycomb denuder to remove 
interferents, and then the flow was split into three analytical channels that converted different 
nitrogen species to NO depending on temperature. Channel 1 (CH1) measured the baseline gas-
phase NOy (i.e., the sum NOx and its oxidation products) for the analyzer by passing the air 
through a 2-µm Teflon filter, followed by a KCl-coated filter and a molybdenum (Mo) mesh 
catalyst heated to 350 °C. Channel 2 (CH2) measured the baseline NOy plus particle-bound NO3
–
 
by passing air through Mo converter at 350 °C without filtration. Channel 3 (CH3) measured 
NH4
+
 plus baseline NOy and particle-bound NO3
–
 by flowing air through ceramic tube containing 
platinum (Pt) catalyst heated to 600 °C, followed by another Mo converter at 350 °C. NO3
–
 and 
NH4
+
 concentrations were calculated as CH2-CH1 and CH3-CH2, respectively. Continuous 
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inorganic data were processed in a time-weighted manner to represent the real-time aerosol 
inorganic conditions to estimate ambient aerosol acidity. 
Filter-based inorganic measurements were also performed by analyzing a 37-mm filter punch 
from each quartz filter sample. Filter samples were extracted with 15 mL Millipore 18.2 
Megohm Ultrapure DI H2O. A Dionex ICS-3000 Ion Chromatography System was used to 
quantify SO4
2–
, NO3
–
, and NH4
+
 concentrations in filter extracts. The anion channel included a 
Dionex AG18 guard column, a Dionex AS18 analytical column and 10 mM KOH eluent. The 
cation channel included a Dionex CG16 guard column, a Dionex CS16 analytical column and 18 
mM methanesulfonic acid eluent. The ICS-3000 was calibrated with NIST-traceable multi-
element standards covering the range of observed concentrations.  Sample injection volumes 
were 1.0 mL and peak area was used for quantification. Analytical detection limits were in the 
range of 2-3 µg L
-1
, and analytical uncertainties were <5%. Measured concentrations were 
compared with continuous inorganic measurements to evaluate the changes of inorganic 
composition during sample storage. 
4.3.6 Calculation of aerosol acidity  
Ambient aerosol acidity of the collected PM2.5 samples was estimated by calculating the 
degree of stoichiometric neutralization, defined as the molar ratios of NH4
+
 to the sum of SO4
2–
  
and NO3
–
, assuming aerosol SO4
2–
 and NO3
–
 were only associated with NH4
+
 and H
+
. Acidic 
aerosols are characterized by having a neutralization degree less than unity. The neutralization 
degree greater than unity implies the samples are fully neutralized. 
Neutralization Degree = [NH4
+
]/(2×[SO4
2–
]+[NO3
–
])     (1) 
In addition, an on-line version of the extended aerosol thermodynamics model (E-AIM II: 
H
+
-NH4
+
-SO4
2−
-NO3
−
-H2O) was used to estimate aerosol acidity by calculating the in situ aerosol 
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pH in the particle aqueous phase (40). Inputs of free [H
+
] were calculated based on charge 
balance from measured NH4
+
, SO4
2–
, and NO3
–
 concentrations. Temperature and relative 
humidity (RH) parameters were obtained from the measurements at the sampling site. 
[H
+
] free = (2×[SO4
2–
]+[NO3
–
])- [NH4
+
]       (2) 
Modeling outputs of activity coefficient and moles of H
+
aq in the aqueous phase, and the total 
volume of aqueous phase in the aerosol per m
3
 air in the thermodynamic equilibrium were used 
to calculate in situ aerosol pH.  
pH= ‒ log [γH+aq × nH+aq / (Vaq/1000)]        (3) 
γH+aq: activity coefficient of H
+
aq 
nH+aq: moles of H
+
aq 
Vaq: total volume of the aqueous phase (cm
3
) 
4.4 Results and Discussion 
4.4.1 Identification and quantification of isoprene SOA tracers at YRK 
UPLC/(–)ESI-HR-Q-TOFMS and GC/EI-MS with prior trimethylsilylation were used to 
identify and quantify isoprene SOA tracers in the PM2.5 samples collected from the YRK site. 
Figure 4-2 shows a typical base peak chromatogram (BPC) from UPLC/(–)ESI-HR-Q-TOFMS 
analysis, and a typical total ion chromatogram (TIC) from GC/EI-MS analysis for a 
representative PM2.5 sample collected on June 27, 2010 under the high-SO2 sampling scenario. 
Overall, most of the major peaks identified from the filter samples could be attributed to BSOA 
tracers, which have been confirmed by prior chamber studies (9, 15, 20). The IEPOX-derived 
organosulfate ([M–H]– ion at m/z 215) was the most abundant compound detected by the 
UPLC/(–)ESI-HR-Q-TOFMS technique. Other base peak ions displayed in the BPC correspond 
to monoterpene-derived organosulfates (e.g., [M–H]– ions at m/z 239, 279, and 281) (Surratt et 
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al., 2008), nitrooxy (or nitrated) organosulfates derived from both isoprene (e.g., [M–H]– ion at 
m/z 260) and monoterpenes (e.g., [M–H]– ions at m/z 294 and 296) (9), and terpenoic acids (e.g., 
[M–H]– ions at m/z 157 and 187) (41). For the TIC from GC/EI-MS analysis, the most abundant 
peak (labeled as Peak 1) was identified as bis(trimethylsilyl) sulfate [silanol, trimethyl-, sulfate 
(2:1)] based on the NIST MS library search. This peak, which likely originates from the 
extracted particle sulfate content after trimethylsilylation, was also observed by Jaoui et al. (42) 
in the samples collected from chamber studies under conditions of pre-seeded ammonium sulfate 
aerosol, and SO2 oxidation that forms sulfuric acid. Other major peaks detected could be 
attributed to isoprene low-NOx SOA tracers, including 3-MeTHF-3,4-diols (two isomers grouped 
as Peak 2), C5-alkene triols (three isomers grouped as Peak 3), 2-methyltetrols (two isomers 
grouped Peak 4). Strong signal intensity of C5-alkene triols and 2-methyltetrols in the TIC, as 
well as the IEPOX-derived organosulfate in the BPC from the UPLC/(–)ESI-HR-Q-TOFMS 
technique, shows the atmospheric significance of IEPOX chemistry leading to SOA formation in 
this region. 
SOA tracer compounds were quantified with authentic or surrogate standards. Field blanks 
were collected during the field study, and subsequently analyzed to subtract background signals 
from all aerosol samples for quantification. The average mass concentrations of isoprene low-
NOx and high-NOx SOA tracers measured under high- and low-SO2 conditions in this study are 
shown in Table 4-2. For high SO2 conditional samples, the average mass concentration of 
isoprene low-NOx tracers, including 2-methyltetrols, C5-alkene triols, 3-MeTHF-3,4-diols, as 
well as IEPOX-derived organosulfate (m/z 215), were higher than those of the corresponding 
paired low SO2 conditional samples (p= 0.012). The differences of isoprene high-NOx (MPAN-
derived) SOA tracers between high- and low-SO2 conditions were not statistically significant (p= 
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0.754). This observation provides evidence for isoprene SOA formation from IEPOX chemistry 
being enhanced under a high-SO2 environment. The enhancement of isoprene SOA formation, 
especially for the identified isoprene low-NOx SOA tracers, can be explained by the oxidation of 
SO2 producing sulfuric acid that provides aerosol acidity to enhance the rate of heterogeneous 
oxirane ring-opening reactions when the gas-phase IEPOX is taken up by preexisting acidic 
aerosol surfaces (15, 20, 38). Moreover, the enhancement of IEPOX chemistry could also be 
explained by the increased aerosol sulfate concentrations under high-SO2 conditions (Table 4-1). 
The hygroscopic nature of the particle sulfate could have provided a wet aerosol surface that 
facilitated the IEPOX uptake and led to SOA formation. In order to clarify the role of SO2, 
correlations between aerosol acidity, particle sulfate loadings and isoprene low-NOx SOA tracers 
are discussed in subsequent sections of this manuscript.  
The average mass concentrations of isoprene SOA tracers measured under high- and low-
NH3 conditions are shown in Table 4-3. Organosulfate species, such as the IEPOX-derived 
organosulfate (m/z 215), the organosulfate derivative of the IEPOX-derived dimers (m/z 333), 
and MPAN-derived organosulfate (m/z 199) were more abundant under low-NH3 conditions. 
Other tracer compounds, however, have higher mass concentrations detected under high-NH3 
conditions, which might coincide with the higher average solar radiation under high NH3 
conditional sampling (Table 4-1). Figure 4-3 shows correlations between isoprene-derived 
organosulfates. Interestingly, strong correlations between the IEPOX-derived organosulfate (m/z 
215) and the organosulfate derivatives of the IEPOX-derived dimers (m/z 333) (r = 0.83) support 
the common pathway and formation mechanisms of these two tracers as shown in Figure 4-1. In 
addition, strong correlations (r = 0.71) were observed between the IEPOX-derived organosulfate 
(m/z 215) and the MPAN-derived organosulfate (m/z 199), suggesting similar formation 
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behaviors or limiting factors, since these two species are known to form from different NOx-
dependent pathways as shown in Figure 4-1. Notably, the detected isoprene low-NOx SOA 
tracers were higher during the NH3 conditional sampling period (late July to early August) than 
the SO2 conditional sampling period (late June to mid-July), likely due to the change of 
meteorological conditions. For example, a higher average temperature during the NH3 
conditional sampling period might lead to higher isoprene emissions, as well as faster 
photochemical processes for isoprene SOA formation. In contrast, the isoprene high-NOx SOA 
tracers remained constant between the two sampling periods. This could be explained by the NO-
limited isoprene SOA formation pathway that occurs once the NO in the region is consumed, 
resulting in the low-NOx (RO2+HO2) chemistry becoming the dominant pathway in the 
atmosphere, while isoprene is still continuously emitted during daytime.  
Temporal variations of isoprene low-NOx and high-NOx SOA tracers compared to OM are 
shown in Figures 4-4 and 4-5, respectively. IEPOX- and MPAN-derived SOA tracers track well 
with the OM mass loadings (r = ~0.7, except for the high NH3 conditional sampling period, 
during which r = 0.4 and 0.17). It is worth noting that the sum of IEPOX-derived SOA tracers 
contributed substantially (12-19%) to the total organic matter (OM) in the PM2.5 samples 
collected at this site, showing the atmospheric abundance of the isoprene low-NOx (or IEPOX-
derived) SOA that originates from a single source and pathway (Table 4-2 and Table 4-3). OM 
was estimated as OC×1.8 here for summertime aerosols (43). To examine whether or not the 
differences of isoprene SOA formation between high and low SO2 or NH3 conditional sampling 
protocols were significant, paired-t tests were performed. The criterion for significance was set at 
p<0.05. The results of the paired-t tests indicate that the enhancement of IEPOX-derived SOA is 
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statistically significant (p=0.012) under high-SO2 conditions. No significant enhancement of the 
sum of isoprene SOA tracers was observed for high or low NH3 conditional samples (p=0.830). 
4.4.2 Comparisons of continuous inorganic measurements to filter-based IC data   
Figure 4-6 shows comparisons of continuous inorganic measurement to filter-based 
measurements in this study. Time-weighted average of continuous inorganic data was compared 
to the IC data from filter samples. Strong correlations were observed for particle NH4
+
 (r=0.85) 
and SO4
2–
 (r=0.79) concentrations from two data sets. The correlation for particle NO3
–
 
concentrations was (r=0.49) weak, possibly due to low concentrations throughout the study and 
artifacts in both the filter and continuous measurements. 
4.4.3 Ambient aerosol acidity and isoprene SOA tracers  
To estimate aerosol acidity of collected PM2.5 samples, the degree of neutralization was 
calculated as the molar ratio of ammonium to the sum of sulfate and nitrate ([NH4
+
]/(2×[SO4
2-
]+[NO3
-
]). Acidic aerosols are characterized with neutralization degrees less than unity, while 
neutralization degrees greater than unity imply the samples are neutralized. Figure 4-7 compares 
the degree of neutralization for PM2.5 samples collected in this study calculated from on-line 
continuous inorganic measurements and filter-based IC data. In general, most of the aerosol 
samples have been fully neutralized. However, the frequency distribution from filter-based data 
shows that most of the samples had the neutralization degree close to unity, while data from 
continuous inorganic measurements had a broader distribution. Since filter samples could have 
absorbed the ambient acidic or basic gases that lead to neutralization of aerosol samples over 
time during the sampling period, to capture the more representative aerosol acidity, continuous 
inorganic data were used for further data analysis.  
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Figure 4-8 shows the distribution of aerosol samples grouping based on sampling conditions. 
SO2 conditional samples are acidic, while NH3 conditional samples are more neutralized. Figure 
4-9 shows the result from E-AIM II modeling. In situ aerosol pH can only be calculated in very 
few cases due to the neutralized characteristics of aerosol samples. In addition, some of the 
samples, although not fully neutralized, were modeled as no liquid water content (LWC) under 
given RH conditions. Thus, aerosol pH could not be calculated for those samples either. As a 
result, in situ aerosol pH could be modeled from only 3 samples (out of 50), and the average was 
found to be 1.71, ranging from 1.69 to 1.75.  
Figures 4-10 and 4-11 show the correlations between the neutralization degree and the sum 
of isoprene low-NOx (or IEPOX-derived) and high-NOx (or MPAN-derived) SOA tracers, 
respectively. For IEPOX-derived SOA, the results show that the tracer compounds were weakly 
enhanced with less-neutralized aerosols, but no clear associations were observed for NH3 
conditional samples. This could be due to most of the aerosol samples being fully neutralized. 
For MPAN-derived SOA, no clear associations were observed for either SO2 or NH3 conditional 
samples. It is worth noting that prior chamber work has shown that under high-NOx conditions 
no enhancement in SOA mass was observed due to the presence of acidified sulfate seed aerosol, 
whereas under low-NOx conditions SOA mass was enhanced due to the presence of acidified 
sulfate seed aerosol (16). Furthermore, it was suspected that the time scale for our field sampling 
approach might not be long enough in order to capture SO2 conversion to SO4
2–
.  Moreover, the 
aerosol samples could have formed upwind of the sampling site, and thus, were associated with a 
more aged and regional (background) aerosol type. Distinguishing weak correlations from 
meteorological effects on measured isoprene SOA levels is challenging, since the isoprene SOA 
might have been formed upwind, but not formed locally. Our findings are in agreement with 
 124 
 
Tanner et al. (22), who previously reported that at the YRK site no consistent positive 
correlations were found between changes in OC or TC levels and aerosol acidity, which was 
estimated by nitrate-corrected ammonium-to-sulfate ratios, even with time lag up to 6 h. Aerosol 
acidity at this site is relatively low due to nearby agricultural sources of NH3. In addition, recent 
research by Liggio et al. (27) reported that the rate of aerosol neutralization by NH3 uptake is 
significantly reduced in the presence of ambient organic gases on time scales ~10 min to several 
hours, while acidic aerosol mixed with organic-free air and NH3 was neutralized on a time scale 
<1 min. This reduction in NH3 uptake was concurrent with an increase in the amount of particle-
phase organics. Thus, our NH3 conditional sampling approaches might not be able to capture the 
neutralization effects on aerosol acidity and isoprene SOA formation, since this would not be an 
instantaneous process.  
4.4.4 Particle sulfate loadings and isoprene SOA tracers   
Figures 4-12 and 4-13 show correlations between isoprene low-NOx and high-NOx SOA 
tracers and the particle sulfate loadings, with r= 0.51-0.58 for IEPOX-derived SOA tracers and 
r= 0.34-0.36 for MPAN-derived SOA tracers, respectively. Figure 4-14 shows correlations 
between the sum of isoprene SOA tracers (combining IEPOX- and MPAN-derived SOA) and 
particle SO4
2–
 loadings for all PM2.5 samples collected during SO2 conditional sampling period 
(r= 0.44) and the NH3 conditional sampling period (r= 0.58) in this study. Positive correlations 
were observed for all conditions. These condition-independent correlations may suggest that 
aerosol sulfate could serve as the surface area that facilitates the reactive uptake IEPOX onto 
preexisting aerosols. Although acidified sulfate aerosol has been demonstrated to enhance 
isoprene SOA formation (11, 15), laboratory studies are lacking that systematically examine the 
effect of varying surface area of pre-existing aerosol on isoprene SOA formation as a function of 
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liquid water content, aerosol acidity, and chemical composition.  More work is needed to 
understand if this is a surface- or bulk-limited process and how this changes with environmental 
conditions. 
4.5 Conclusions 
Analysis of PM2.5 samples collected from the rural southeastern U.S. by off-line 
chromatography coupled with mass spectrometry techniques show substantial contributions (12-
19%) of isoprene low-NOx SOA tracers to organic aerosol mass in this region, revealing the 
importance for heterogeneous chemistry of IEPOX. Conditional sampling approaches employed 
in this study indicate that IEPOX-derived SOA formation is enhanced under higher SO2 
conditions (p=0.012). In contrast, conditional sampling did not show significant influence of 
NH3 levels on low-NOx isoprene SOA concentrations.  Thus, it is possible that the effects (or 
degree) of NH3 neutralization were masked by other confounding factors or atmospheric 
processes occurring simultaneously. Particle sulfate loadings have moderate positive correlations 
with the sum of isoprene SOA tracers for all conditions, suggesting a role of surface- or bulk-
limited chemistry for isoprene SOA formation. 
Weak correlations between isoprene SOA tracers and aerosol acidity suggest there might not 
be enough time for our sampling approach to observe SO2 conversion to sulfuric acid that 
provides aerosol acidity. Evaporation of volatile particle constituents, such as nitrates, would 
affect the estimate of aerosol acidity; however, NO3
–
 concentrations were generally too low to 
make a big difference in the neutralization calculation. In addition, during the volatilization 
process it remains uncertain if this is primarily HNO3 or HNO3 plus NH3 leaving the filters. The 
latter would not have any effect on acidity. Very few samples could be modeled using E-AIM II, 
and thus, our ability to elucidate potential effects of aqueous-phase chemistry on isoprene SOA 
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formation is quite limited. Furthermore, regional-scale transport could have brought isoprene 
SOA formed upwind that masked the effects of aerosol acidity. Future work is needed to 
differentiate the effects of enhanced BSOA formation from regional-scale transport and aqueous-
phase chemistry. 
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Table 4-1. Summary of average meteorological data and complementary collocated 
measurements 
  
Condition High SO2  Low SO2  High NH3  Low NH3 
Sampling Period 06/25/2010-07/14/2010  07/29/2010-08/06/2010 
O3 (ppb) 46.9 ± 3.0  46.1 ± 2.6  43.4 ± 3.5  48.7 ± 3.5 
CO (ppb) 141.8 ± 4.6  145.7 ± 6.6  167.7 ± 10.2  161.1 ± 11.3 
SO2 (ppb) 1.1 ± 0.1  0.2 ± 0.0  0.7 ± 0.3  0.7 ± 0.2 
NO (ppb) 0.2 ± 0.0  0.2 ± 0.0  0.3 ± 0.1  0.2 ± 0.0 
NO2 (ppb) 1.2 ± 0.2  1.1 ± 0.2  1.3 ± 0.4  1.5 ± 0.4 
NOy (ppb) 2.8 ± 0.3  2.6 ± 0.3  3.0 ± 0.5  2.9 ± 0.4 
HNO3 (ppb) 0.6 ± 0.0  0.6 ± 0.1  0.6 ± 0.1  0.6 ± 0.1 
NH3 (ppb) 2.2 ± 0.4  2.3 ± 0.4  2.6 ± 0.3  1.4 ± 0.2 
NEPH (Mm
-1
) 50.1 ± 3.4  47.6 ± 4.6  71.8 ± 7.4  65.1 ± 9.6 
SO4
2-
 (μg m-3) 4.1 ± 0.4  3.5 ± 0.5  3.3 ± 0.3  3.3 ± 0.3 
NO3
-
 (μg m-3) 0.2 ± 0.0  0.2 ± 0.1  0.3 ± 0.1  0.2 ± 0.1 
NH4
+
 (μg m-3) 1.4 ± 0.1  1.3 ± 0.1  1.6 ± 0.2  1.4 ± 0.2 
BC (μg m-3) 0.3 ± 0.0  0.3 ± 0.0  0.3 ± 0.0  0.3 ± 0.1 
OC (μg m-3) 3.2 ± 0.1  3.1 ± 0.3  3.6 ± 0.2  3.3 ± 0.3 
PM2.5 (μg m
-3
) 13.5 ± 0.8  12.2 ± 1.1  16.1 ± 1.2  14.9 ± 2.0 
Temp (°C) 27.4 ± 0.4  27.4 ± 0.7  29.3 ± 1.0  29.2 ± 0.6 
RH (%) 66.3 ± 2.5  65.7 ± 3.0  67.1 ± 4.8  66.5 ± 3.6 
BP (mbar) 969.9 ± 0.7  969.3 ± 0.7  968.4 ± 0.9  967.5 ± 0.7 
SR (W m
-2
) 526.2 ± 44.1  461.5 ± 42.0  600.8 ± 69.7  290.6 ± 48.5 
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Table 4-2. Isoprene SOA tracers quantified in PM2.5 samples (ng m
-3
) collected under high- and 
low-SO2 conditions 
Isoprene low-NOx SOA tracers  
(IEPOX-derived SOA tracers) 
High SO2 Low SO2 
2-methyltetrols 316.7 ± 21.5 283.9 ± 33.7 
C5-alkene triols 319.6 ± 32.4 258.8 ± 33.0 
3-MeTHF-3,4-diols 11.4 ± 1.4 7.5 ± 1.4 
Dimers 1.3 ± 0.3 1.2 ± 0.3 
IEPOX-derived organosulfate 
(m/z 215) 
107.3 ± 14.8 92.1 ± 19.5 
Organosulfate of dimers  
(m/z 333) 
2.7 ± 0.5 2.7 ± 0.7 
       
Σ IEPOX SOA tracers/OM a 13.3% 11.9% 
Isoprene high-NOx SOA tracers 
(MPAN-derived SOA tracers) 
      
2-MG 7.4 ± 0.8 8.6 ± 1.5 
MPAN-derived organosulfate 
 (m/z 199) 
11.9 ± 0.9 11.8 ± 2.2 
       
Σ MPAN SOA tracers/OM b 0.34% 0.36% 
a
 Paired t-test (n=16); p= 0.012 
b
 Paired t-test (n=16); p= 0.754  
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Table 4-3. Isoprene SOA tracers quantified in PM2.5 samples (ng m
-3
) collected under high- and 
low-NH3 conditions 
Isoprene low-NOx SOA tracers  
(IEPOX-derived SOA tracers) 
High NH3 Low NH3 
2-methyltetrols 572.7 ± 82.6 414.0 ± 83.6 
C5-alkene triols 524.1 ± 92.6 482.0 ± 133.5 
3-MeTHF-3,4-diols 19.0 ± 3.5 14.4 ± 3.8 
Dimers 2.1 ± 0.6 2.4 ± 0.9 
IEPOX-derived organosulfate 
(m/z 215) 
104.3 ± 40.0 196.5 ± 48.9 
Organosulfate of dimers  
(m/z 333) 
3.1 ± 1.0 4.8 ± 1.5 
       
Σ IEPOX SOA tracers/OM a 19.1% 18.6% 
Isoprene high-NOx SOA tracers 
(MPAN-derived SOA tracers) 
      
2-MG 9.9 ± 1.3 7.6 ± 1.3 
MPAN-derived organosulfate 
 (m/z 199) 
9.9 ± 2.3 13.6 ± 3.2 
       
Σ MPAN SOA tracers/OM b 0.31% 0.37% 
a
 Paired t-test (n=9); p= 0.830 
b
 Paired t-test (n=9); p= 0.506  
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Figure 4-1. Proposed chemistry leading to isoprene SOA: NOx-dependent pathways (Surratt et 
al., 2010). For simplicity, only the cis-β-IEPOX isomer is shown for IEPOX in the low-NOx (or 
NO-limited) pathway. 
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Figure 4-2. Representative (a) UPLC/ESI-HR-Q-TOFMS base peak chromatogram and (b) 
GC/EI-MS total ion chromatogram of the PM2.5 sample collected at YRK on June 27, 2010 under 
high- SO2 conditions, showing isoprene-derived SOA tracers were major SOA constituents 
detected at this site during summertime.   
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Figure 4-3. Correlations between isoprene-derived organosulfates: (a) Correlations between 
IEPOX-derived organosulfate (m/z 215) and organosulfate derivatives of IEPOX-derived dimers 
(m/z 333) support the common isoprene low-NOx pathway and formation mechanisms of these 
two tracers. (b)  Correlations between the IEPOX-derived organosulfate (m/z 215) and the 
MPAN-derived organosulfate (m/z 199) suggest similar limiting factors for organosulfate 
formation, as these two species have been known to form from isoprene photooxidation through 
low-NOx and high-NOx pathways, respectively. 
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Figure 4-4. Temporal variations of low-NOx SOA tracers and OM.  
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Figure 4-5. Temporal variations of isoprene high-NOx SOA tracers and OM. 
  
 135 
 
 
Figure 4-6. Comparisons of on-line continuous particle analyzer data and filter-based IC 
measurements: (a) NH4
+
, (b) SO4
2-
, (c) NO3
-
.  
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Figure 4-7. Frequency distribution of the neutralization degree from aerosol samples calculated 
by on-line continuous particle analyzer data (blue) and filter-based IC data (red).  
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Figure 4-8. NH4
+
 to SO4
2– 
plus NO3
–
 ratios from on-line continuous particle analyzer data, 
grouping based on sampling conditions.  
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Figure 4-9. E-AIM II modeling: in situ aerosol pH can only be calculated in very few cases (3 
out of 50) in our samples. 31 aerosol samples were calculated as fully neutralized ([H
+
] free < 0) 
that could not be modeled by E-AIM II. 16 samples were modeled as no LWC.  
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Figure 4-10. Effects of aerosol acidity on IEPOX-derived SOA formation: (a) SO2 conditional 
samples (b) NH3 conditional samples. The sum of IEPOX-derived SOA tracers was enhanced 
with less-neutralized (i.e., more acidic) aerosols for SO2 conditional samples, but no clear 
associations were observed for NH3 conditional samples.  
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Figure 4-11. Effects of aerosol acidity on isoprene high-NOx SOA formation: (a) SO2 
conditional samples (b) NH3 conditional samples. No clear associations between aerosol acidity 
and the sum of MPAN-derived SOA tracers were observed for either SO2 or NH3 conditional 
samples.   
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Figure 4-12. Correlations between the sum of IEPOX SOA tracers and the particle sulfate 
loadings: (a) SO2 conditional samples (b) NH3 conditional samples. Positive correlations were 
observed for both SO2 and NH3 conditional samples, indicating a role of particle sulfate loadings 
for providing surface area that limits the IEPOX uptake and forming SOA tracers.  
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Figure 4-13. Correlations between the sum of MPAN-derived SOA tracers and the particle 
sulfate loadings: (a) SO2 conditional samples (b) NH3 conditional samples. Positive correlations 
were observed for both SO2 and NH3 conditional samples, suggesting surface area could be a 
limiting factor  that modulates isoprene high-NOx SOA formation.  
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Figure 4-14. Correlations between the sum of isoprene SOA tracers (combining IEPOX- and 
MPAN-derived SOA) and the particle sulfate loadings for all PM2.5 samples collected in this 
study from (a) June 25 to July 14, 2010 (SO2 conditional sampling period) and (b) July 29, 2010 
to August 6, 2010 (NH3 conditional sampling period).  
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Chapter V 
 
Conclusions and Implications 
4
 
 
In this dissertation, heterogeneous chemical pathways leading to SOA formation from 
isoprene photooxidation have been reveled through a series of controlled laboratory chamber 
experiments coupled to organic synthesis and detailed SOA compositional analysis. Using 
this approach, reactive uptake of gaseous epoxide intermediates (i.e., isoprene epoxydiols 
(IEPOX) and methyacrylic acid epoxide (MAE) for low- and high-NOx conditions, 
respectively) onto preexisting seed aerosols followed by the subsequent addition of 
nucleophiles, such as H2O, SO4
2-
, organosulfates, 2-methyltetrols, and 2-methylglyceric acid 
present in the particle phase have been demonstrated as major pathways to explain the 
formation of known isoprene SOA tracers (as shown in Figure 5-1). Additionally, acid-
catalyzed oxirane ring-opening reactions provide the most plausible explanation for the 
observations of isoprene SOA yields enhanced in the presence of acidic seed aerosols; the 
yields increase substantially from 1-3% to 3-30% in the presence of acidified sulfate seed 
aerosol in laboratory studies (1, 2). These findings imply that the atmospheric epoxides 
derived from the oxidation of isoprene play a major role as SOA precursors. Findings from 
this work also suggest that oxirane ring-opening reactions are likely more favorable pathways 
for the formation of isoprene-derived organosulfates in the troposphere over previously 
proposed mechanisms of alcohol sulfate esterification. This is important to note here since 
there has been much debate in the current literature about how organosulfates form in 
atmospheric aerosols (3-6). 
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Reactive uptake experiments using authentic IEPOX standards in this work conclusively 
support the previous hypothesis derived from mass spectrometric evidence that IEPOX 
isomers are critical intermediates leading to isoprene SOA formation in the low-NOx regime 
(2, 7, 8). Organic synthesis has been demonstrated as a powerful tool here for elucidating 
isoprene SOA formation mechanisms. Compositional analysis of SOA constituents with 
authentic standards from this work identified the particle phase acid-catalyzed intramolecular 
rearrangement of IEPOX to cis- and trans-3-MeTHF-3,4-diols. This finding corrects the 
identity of these novel tracers that were previously misidentified as unreacted particle-phase 
IEPOX solely based on mass spectral data (2, 9). Notably, this finding also provides 
significant insights for a unique factor (featured with a distinct peak of m/z 82) resolved from 
positive matrix factorization (PMF) analysis by continuous aerosol mass spectrometry (AMS) 
measurements in isoprene-dominated regions (10, 11). This PMF factor has been found to 
strongly correlate with IEPOX-derived SOA tracers, including 2-methyltetrols, C5-alkene 
triols, and cis- and trans-3-MeTHF-3,4-diols (12), indicating the potential development for 
real-time ambient monitoring of isoprene SOA formation using online AMS measurements 
in the future. As recent epidemiological studies have shown that health risks from exposure 
to ambient PM2.5 exhibit significant spatial and temporal differences (13), this application 
will likely motivate future epidemiological studies aimed at assessing repeated and long-term 
exposure to isoprene SOA found in ambient PM2.5. This is important in the regions such as 
the Southeastern US, where certain respiratory health outcomes (e.g., chronic obstructive 
pulmonary disease (COPD)) are found to be prevalent (14), and isoprene-derived SOA has 
been shown as major aerosol constituents in regional ambient PM2.5. Monitoring the time 
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profile of isoprene SOA tracers in this region will likely provide helpful information to 
evaluate the source- and composition-oriented health effects. 
In the high-NOx regime, the results presented here strongly support MAE as a major and 
heretofore-unidentified precursor to SOA derived from isoprene photooxidation in the 
presence of NOx. The distribution of predicted average gas-phase MAE concentrations 
matches the spatial patterns of enhanced summertime aerosol optical thickness over the 
southeastern U.S. observed by Goldstein et al. (15), likely linking our observations with the 
dominant summertime regional aerosol and the importance of biogenic volatile organic 
compound-anthropogenic interactions in radiative forcing in climate models. As a result, 
updating MAE chemistry in current atmospheric models could be helpful to improve model 
simulations to better capture the dependency on NOx, especially for areas near Atlanta, GA, 
Southern California, and near St. Louis, MO that are predicted to experience relatively high 
levels of MAE. It is worth noting that much additional work is still required to compute 
uncertainties associated with MPAN + OH and MAE + OH reactions, especially since these 
rates have been only examined by a limited number of studies. Thus, carefully conducted 
experiments are needed to determine the yield of MAE from MPAN (e.g., photooxidation 
experiments with synthesized MPAN would be ideal for this purpose). Furthermore, since 
MAE is proposed to arise from the MPAN+OH reaction, the abundance of MAE-derived 
SOA would be expected to be a function of temperature and altitudes. Specifically, MAE-
derived SOA would be expected to be more abundant aloft than at the surface, since MPAN 
is subject to thermal decomposition (16) and the conditions are more favorable for the PAN-
type compound formation at high altitudes (17), which may potentially help to explain the 
discrepancy of the observed amount and fraction of organic aerosol between surface-based 
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filter measurements and aircraft data over the eastern and southeastern U.S. (15, 18) that 
substantially more aerosols were detected in the atmospheric column than at the ground. 
Future work is needed to examine this hypothesis. 
With regards to IEPOX or MAE SOA yields (i.e., mass of SOA formed/initial precursor 
concentration) parameterized in this work, it should be noted that isoprene SOA formation 
mechanisms are likely beyond the scope of thermodynamic equilibrium partitioning that is 
commonly assumed for the SOA formation in current air quality models. Competitive 
kinetics between reactive uptake of gaseous epoxide precursors and their OH-initiated 
oxidation in the gas phase, as well as evaporation of semivolatile particle-phase 
heterogeneous reaction products are involved in these processes. Therefore, further 
investigations are required to obtain the reactive uptake coefficients (or reaction probabilities, 
γ) to determine the heterogeneous removal rate of these epoxide intermediates. One possible 
approach to systemically examine the reactive uptake coefficients of these epoxides in the 
future could be through the use of flow tube studies combined with real-time measurements 
of both aerosol size distributions and gas-phase concentrations of the epoxides. The 
heterogeneous removal rate will likely be highly variable, depending on particle composition, 
phase, acidity, presence of surfactants, and liquid water content. Once the heterogeneous 
removal rate has been determined, the current modeling framework can be refined to 
represent IEPOX and MAE chemistry in SOA models with increased accuracy. Currently, all 
the uptake experiments were conducted under dry conditions (relative humidity < 5%) to 
minimize loss of IEPOX or MAE vapor to the chamber walls. Since the aerosol liquid water 
content may potentially enhance SOA formation from these precursors, the influence of 
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aerosol liquid water content on IEPOX- or MAE-derived SOA formation requires future 
work to systemically examine its effects in a qualitative and quantitative manner.   
From the field work conducted at a rural site in the southeastern U.S. using conditional 
sampling approaches, IEPOX-derived SOA formation has been found to be enhanced under 
higher SO2 conditions. However, only weak correlations between isoprene SOA tracers and 
aerosol acidity were observed, suggesting there might not be enough time for our sampling 
approach (1-minute time resolution) to observe SO2 conversion to sulfuric acid that provides 
aerosol acidity. Particle sulfate loadings have moderate positive correlations with the sum of 
isoprene SOA tracers for all conditions, suggesting a role of surface- or bulk-limited 
chemistry for isoprene SOA formation. Notably, quantification of six identified IEPOX SOA 
tracers in summertime PM2.5 samples by off-line chromatography coupled with mass 
spectrometry techniques show substantial contributions (12-19%) to total organic aerosol 
mass (OM).  These results highlight the importance of heterogeneous IPEOX SOA chemistry 
in this region. They also have implications worldwide for areas with high isoprene emissions 
influenced by anthropogenic pollutants (e.g., SO2 and NOx). 
Taken together, the importance of IEPOX and MAE in isoprene SOA formation under 
low- and high-NOx conditions, respectively, provides insights to missing SOA precursors in 
air quality models. As isoprene SOA has been estimated to be the single largest source to the 
global SOA burden, updating isoprene SOA chemistry in current air quality models could 
possibly decrease the discrepancy between model simulations and field measurements (19-
21).  
From a public health point of view, the identification of isoprene SOA constituents and 
epoxide intermediates highlights the need of hazard identification of these emerging 
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compounds, especially since isoprene has been classified as “possibly carcinogenic to 
humans (group 2B)” by the IARC (22) and as “reasonably anticipated to be a human 
carcinogen” by the NTP (23). Isoprene SOA is found predominantly in PM2.5 (24), which can 
be efficiently deposited in the alveolar region of the human respiratory tract. More 
importantly, it has been shown that reactive epoxides, similar to isoprene oxidation products 
that have been characterized in this work are generated by metabolic activation of isoprene 
(25). Since epoxides are highly reactive alkylating agents that can form adducts at 
nucleophilic sites of proteins and DNA (26), identifying hazardous components of these 
environmental stressors is required to protect public health, especially for the susceptible 
populations. This has major implications for the U.S. and global populations who live in the 
environment with high isoprene emissions influenced by surrounding anthropogenic 
pollution. 
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Figure 5-1. Updated NOx-dependent chemical mechanisms leading to heterogeneous 
isoprene SOA formation. The boxed species represent particle-phase SOA constituents that 
have been detected in laboratory-generated and ambient aerosol samples. Red-colored 
species indicate the new findings revealed from this work for the first time. 
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Appendix A:  
Technical Note: Synthesis of isoprene atmospheric oxidation products: 
isomeric epoxydiols and the rearrangement products cis- and trans-3-
methyl-3,4-dihydroxytetrahydrofuran
 5
 
 
5
 Appendix A is reproduced with permission from “Technical Note: Synthesis of isoprene 
atmospheric oxidation products: isomeric epoxydiols and the rearrangement products cis- and 
trans-3-methyl-3,4-dihydroxytetrahydrofuran” by Zhenfa Zhang, Ying-Hsuan Lin, Haofei Zhang, 
Jason D. Surratt, Louise M. Ball, and Avram Gold, Atmospheric Chemistry and Physics, 12, 8529-
8535, 2012. Copyright (2012) retained by the authors according to Copernicus Publications. 
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Appendix B:  
Secondary organic aerosol formation from methacrolein photooxidation: 
Roles of NOx level, relative humidity, and aerosol acidity 
6
 
 
 
 
 
 
 
 
 
  
6
 Appendix B is reproduced with permission from “Secondary organic aerosol formation from 
methacrolein photooxidation: Roles of NOx level, relative humidity, and aerosol acidity” by 
Haofei Zhang, Ying-Hsuan Lin, Zhenfa Zhang, Xiaolu Zhang, Stephanie L. Shaw, Eladio M. 
Knipping, Rodney J. Weber, Avram Gold, and Jason D. Surratt, Environmental Chemistry, 9, 247-
262, 2012. Copyright (2012) CSIRO PUBLISHING. 
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